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Principal Investigator:  Christopher P. Evans, M.D. 

DOD Progress Report 2007 
 
Introduction 

We believe that androgen withdrawal is an event that initiates a cascade 
promoting the development of androgen independence through NE progression. To date 
we know of no adjuvant therapies targeting castration initiated molecular events in 
clinical practice. As such, we seek to better define these early post-castration molecular 
events. We hypothesize that a small population of neuropeptide expressing AI CaP cells 
generated by castration can support the AI survival and growth of androgen sensitive 
cells in a paracrine fashion. This concept is a novel one regarding the early propagation 
of CaP following castration. Secondly, we hypothesize that neuropeptide mediated non-
receptor tyrosine-kinase signaling activates androgen regulated genes both through AR 
and GRP dependent, and AR and GRP independent mechanisms. Demonstration of this 
concept establishes the rationale for neuropeptide pathway inhibition as singular and 
combination therapy at the time of castration.   
 
Body 
Aim 1. To determine the paracrine effect of NE cells on androgen sensitive CaP cells. 
a.   Determine the in vitro ability for NE cells to support androgen sensitive CaP cell 
survival and growth (paracrine effect) in androgen-deprived conditions.  Work on this 
section was replaced by the soft agar assay as results in soft agar are more definitive. 

 
b. Determine the paracrine effect in soft agar tumorgenesis.  LNCaP-Zeo cells 
(green) do not form colonies when plated in androgen deprived soft-agar.  Colony 
formation of LNCaP-Zeo cells (green) in soft agar assay was promoted when plated 
chimerically with LNCaP-GRP cells (red) (bottom left).  Due to the paracrine effect of 
GRP expression from the GRP cells, the androgen sensitive Zeo cells formed twenty-four 
fold more colonies in androgen-deprived soft agar compared to when growing alone.  
This stimulation may be partially inhibited by a battery of Src kinase inhibitors, PP2, 
AZM475271, and AZD0530 (bottom right). 
 

c. Determine the paracrine effect on migration in recombinant NE cells.  
Stimulation of migration of LNCaP-Zeo cells by GRP cells was assessed by scratch 
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migration assay.  This assay was conducted with the help of fluorescence tags and 
microscopes.  LNCaP-Zeo cells do not migrate in an unstimulated environment to any 
significant degree. LNCaP-Zeo-GFP migrated 1.7 fold more to the scratch region when 
plated together with LNCaP-GRP-Red cells than alone (bottom left).   MEK1 inhibitor, 
PD98059 and Src kinase inhibitors, AZM475271 and AZD0530 all partially inhibited this 
stimulated migration of LNCaP-Zeo-GFP cells (bottom right). 

 
d. Study the paracrine effect using the in vivo xenograft model with regard to growth 
and metastasis.  Co-injection of LNCaP-Zeo cells with LNCaP-GRP cells in castrated 
SCID mice produced tumors in the prostate regions.  LNCaP-Zeo cells are not normally 

tumorigenic in the in vivo castrate 
environment.  The Zeo cells were tagged 
with green fluorescence protein (GFP) and 
the GRP with red (Red).  Frozen sections 
of tumor vividly showed patches of green 
and red colors under the fluorescent 
microscope.  Taken together, both 
overexpression of GRP may stimulate 
growth of androgen sensitive Zeo cells 
both in vitro and in vivo through paracrine 
effect.  
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Aim 2. To evaluate the mechanisms of AR involvement in our NE model.  
a. Testing of inhibition of neuropeptides, signaling molecules and AR inhibitors 
individually and in combination on soft agar growth of GRP clones and xenograft cells.  
Tumors harvested from GRP implanted 

mice were re-cultured in vitro to establish xenografts termed as GRP-Pro (derived from 
Prostate).  The expression of human AR, PSA and GRP in tumor xenograft GRP-Pro was 
analyzed by RT-PCR analysis and supports the authenticity of the clones.  Soft agar assay 
using GRP-Pro showed their aggressive nature as manifested by their androgen- and 
anchorage- independent growth in 2 weeks.  This growth was partially inhibited by the 
mAb specific to bombesin, 2A11, the androgen inhibitor, bicalutamide, and in 
combinations (with significant difference p≤ 0.05) supporting that the growth is 
dependent on both the neuropeptide GRP and AR.  When synthetic androgen was added 
with 2A11, the colony formation ability of GRP-Pro resumed to a level similar to control.  
This further supports the overlapping effect of GRP and AR to the growth of GRP-Pro.    
Based on the tyrosine kinase display, Src kinase is present in LNCaP cells and involved 
in signaling via phosphorylation upon bombesin stimulation.  Src kinase was 
constitutively active in LNCaP GRP and its xenograft GRP-Pro when cultured in 
androgen-free CS serum media.  We thus subjected growth of LNCaP GRP-Pro to the 
inhibitors for Src kinases, AZM475271 from AstraZeneca and PP2.  Since MEK1/2 is 
downstream to Src activation, we also tested the effect of PD98059.  Finally, we included 
the MAPK P38K inhibitor SB203580 because P38 displayed activation in LNCaP cells 
upon androgen withdrawal.  All kinase inhibitors tested decreased the growth 60-80% of 
control, with significant differences (p≤ 0.05).  This suggests that the androgen-
independent growth of GRP-Pro involves both Src and MEK in a GRP stimulated AR-
dependent manner. 
 
The mechanisms of neuropeptide-mediated AR activation were then investigated in more 
detail.  We performed chromatin immunoprecipitation (ChIP) assay and discovered that 
bombesin-stimulated AR binds preferentially to the proximal ARE site in the promoter 
region rather than the enhancer region bound by the androgen-stimulated AR.  GRP-Pro 
cells constitutively expressing GRP have the AR occupied on the proximal ARE 
constantly.  This bombesin/GRP-stimulated preferential binding of AR to the proximal 
site of the PSA promoter is assisted by the AR co-activator ACTR 30 min from addition 
of bombesin. 
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As reported last year, growth of GRP cells in soft agar may be inhibited by the specific 
Src inhibitor AZD0530.  We performed a dose-response growth inhibition curve using 
GRP-Pro cells grown in CS media and treated with various doses of AZD0530.  The 
IC50 for this inhibition is slightly higher than 1 µM.  The LNCaP GRP cell lines have 
demonstrated promoted migratory activities than their parental cells.  Src kinase inhibitor 
AZD0530 inhibits the migration assayed by the Boyden chamber assay to the levels 
similar to the basal activity in the LNCaP cells. 
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LNCaP GRP cells showed 
translocalization of AR into 

tion of Src 
kinase inhibitor AZD0530 

suggests that AR is 
activated through autocrine 
stim  GRP that is 
dep ent 

nd f
phosporylated Src and FAK kinases.  However, when these
immunoprecipitated by anti-FAK antibodies, stronger phospho-
in GRP subclones than their mock control Zeo cells.  Thes
hypothesis that in the absence of AR, bombesin/GRP bind to the
and FAK kinases in the complex and activate AR through phosph
 
b. Small hairpin RNA (shRNA)-based silencing of NE cells 
are in the process of designing the shRNA.  Once we get the sh  will 
start experiments in this section.  We have requested the no-cost one-year extension to 

 
c. Testing of 
inhibitory treatments on 
chimeric tumors in soft 
agar and in vivo.  We 
have demonstrated 
inhibition of paracrine 
migration.  We are 
presently testing 
inhibition of chimeric 
tumor growth and 
metastasis in vivo. 
 

the nuclei in the absence of 
androgen stimulation (in 
CS growth media) 
compared to the mock-
transfected LNCaP Zeo 
cells.  Addi

abolished the AR nuclear 
translocalization as shown 
in the left.  This result 

ulation of
end of Src activation.  

ound similar levels of 
 two kinases were co-
Src levels were detected 
e findings confirm our 
ir receptors, activate Src 
orylation. 

in vitro and in vivo. We 
RNA construct, we

We surveyed the status  
of Src and FAK in the LNCaP and GRP subclones a

complete this and the in 
vivo study. 
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d. In vivo testing of inhibitory treatments at different time points.  Since we have 

ZD0530.  

arious cancers, AZD0530 
on 

tumor m

identified Src kinase as the key player in neuropeptide-mediated AR activation, we tested 
the effect of Src kinase inhibitor 
AZD0530 in vivo with LNCaP GRP-
Pro cells.  After almost two months of 
AZD0530 administration to castrated 
mice injected with LNCaP GRP-Pro 
cells, we observed a complete 
inhibition of metastasis by A
Although inhibition of primary tumor 
growth was not significant as reported 
by other researchers working on 
v
demonstrated potent inhibition 

etastasis.  None of the treated 
animals had metastases to regional 
lymph nodes but both surviving control animals did. 
 
Other Research Accomplishments 
 We have characterized the expression of the NE induced expression of src, FAK 
nd STAT3 in all major prostate cancer cell lines.  We have also validated the action of 

D0530 through the Src signaling pathway in two androgen-
ines PC-3 and DU-145 by examining the status of 

publication.   

a
Src kinase inhibitor AZ
independent prostate cancer cell l
phosphorylation of the downstream kinases and substrates.  Through this study, we have 
identified the molecular mechanism of AZD0530.  In vivo inhibitions of tumor 
progression by AZD0530 are also underway.  These data are presently being combined 
for publication submission.   
 We have determined the downstream signaling cascades from NE activation and 
delineated the effect of a novel oral src kinase inhibitor AZD0530 at these signaling 
points.  This is presently in preparation for 
 
Key Research Accomplishments 

We have demonstrated that Src kinase is the key player in neuropeptide-mediated 

ells to support the survival and 
roliferation and migration of androgen sensitive CaP cells in a castrated environment.  

d the impact of NE differentiation in prostate cancer.   

AR activation.  Together with our studies in the chimeric growth of androgen-sensitive 
and androgen-insensitive cells, we are more confident with our proposed hypothesis.  A 
paracrine effect exists for androgen insensitive CaP c
p
We have further delineate
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REVIEW

Clinical implications of neuroendocrine differentiation in

prostate cancer

EC Nelson, AJ Cambio, JC Yang, J-H Ok, PN Lara Jr and CP Evans

Department of Urology, Davis Medical Center, University of California at Davis, Sacramento, CA, USA

The cellular signaling pathways of the prostate play a central role in the induction, maintenance,
and progression of prostate cancer (CaP). Neuroendocrine (NE) cells demonstrate attributes that
suggest they are an integral part of these signaling cascades. We summarize what is known
regarding NE cells in CaP focusing on NE cellular transdifferentiation. This significant event in
CaP progression appears to be accelerated by androgen deprivation (AD) treatment. We examine
biochemical pathways that may impact NE differentiation in a chronological manner focusing on
AD therapy (ADT) as a central event in inducing androgen-independent CaP. Our analysis is
limited to the common adenocarcinoma pattern of CaP and excludes small-cell and carcinoid
prostatic variants. In conclusion, we speculate on the future of treatment and research in this area.
Prostate Cancer and Prostatic Diseases (2007) 10, 6–14. doi:10.1038/sj.pcan.4500922; published online 31 October 2006

Keywords: androgen-independent prostate cancer; hormone refractory; neuroendocrine cells;
neuroendocrine differentiation

Introduction

Prostate cancer (CaP) is the most common non-cutaneous
malignancy in American men and is predicted to be the
third leading cause of cancer deaths for 2006.1 Although
local therapy for CaP is relatively effective, androgen
deprivation therapy (ADT) remains the mainstay of
treatment for disseminated disease and is principally
palliative in nature. Introduced in the 1940s,2 ADT
removes androgen stimulation, initially inducing apop-
tosis in CaP. However, the disease eventually progresses
to an androgen-independent (AI) state with an asso-
ciated life expectancy of only 15–20 months. Despite
continuous research efforts, limited progress has been
made in the treatment of advanced CaP in the last 50
years and life expectancy associated with metastatic
disease has not changed significantly.3 ADT, while
extending length and quality of life for many patients,
also induces biological changes in CaP that may promote
progression to an AI state.

The role of prostatic neuroendocrine (NE) cells in this
biologic process has recently become the focus of much
attention. Known changes in the number, histology, and
functions of NE cells during CaP progression indicate
that they may play a regulatory role. The fact that the
majority of NE cells may not exhibit androgen receptors
(ARs) is of special interest in the androgen-deprived

patient.4,5 In these patients, NE cells may allow con-
tinued CaP growth through paracrine stimulation of
neoplastic epithelial cells. Indeed, mitogenic and onco-
genic activity has been demonstrated for many of the
factors NE cells are known to produce.

The purpose of this review is to summarize the latest
developments in understanding the role of NE cells in
the normal prostate, in CaP, and the effects on potential
treatment modalities related to this. Data suggest that
ADT may facilitate NE differentiation (NED) and thereby
accelerate cellular mechanisms that contribute to the AI
state. This review will be structured chronologically
around this central event.

NE histology and differentiation

The normal prostate contains a glandular epithelium
within intervening fibromuscular stroma. The epithe-
lium can be further subdivided into tall columnar
cells that secrete into the lumen of the gland, and
cuboidal cells forming a basal layer against the base-
ment membrane. A third type of epithelial cell was first
described by Pretl in 1944.6 These cells are identified by
their neurosecretory granules and expression of neuron
peptide hormones such as bombesin/gastrin-releasing
peptide (GRP), neurotensin (NT), serotonin, calcitonin
and parathyroid hormone-related peptide (PTHrP).7,8

Based on these findings, they were labeled NE cells, part
of the larger amine precursor uptake and decarboxy-
lation (APUD) lineage.

In other organs, the origin of NE cells has been shown
to be endodermal stem cells,9,10 and a similar model was
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thought to apply to prostatic NE cells. Bonkhoff et al.11

demonstrated a possible development progression
for NE cells from stem cells using immunohisto-
chemical staining to demonstrate intermediate pheno-
types. Recently, neural crest cells have re-emerged as the
putative source for NE cells.12 Although disagreement
exists regarding the embryonic source of NE cells in the
prostate, it is clear that prostatic epithelial cells are
remarkably plastic and have the capability to differenti-
ate into NE cells. As described below, the NE cells
associated with CaP are phenotypically dissimilar to
normal NE cells and function in different ways leading
to the conclusion that they probably emerge from
transdifferentiation of epithelial cells rather than malig-
nant NE precursors.

Normal function of NE cells

Many secreted types of NE granules are identified by
immunohistochemical staining and indicate that differ-
ent subsets of NE cells exist. This introduces much
complexity to the question of their normal function. A
general understanding may be obtained by comparisons
to NE cells in other organ systems and examination of
the individual products secreted by prostatic NE cells.

Prostatic NE cells are part of a larger histological genre
known as the APUD system, present in many organs
of the body. For example, stomach D cells and G cells
produce somatostatin and gastrin, respectively, and
many intestinal NE cells secrete various hormones that
regulate gut function. In a similar way, it may be inferred
that the factors produced by prostatic NE cells regulate
prostatic growth, function, and cellular differentiation.
Indeed, many of the factors shown to be produced by NE
cells are known to support growth and differentiation in
the prostate (Table 1). For example, bombesin/GRP
receptors are members of the superfamily of hetero-
trimeric G-protein-coupled transmembrane-spanning
receptors.13 Binding of these receptors elicits calcium
mobilization, thereby promoting growth and cell inva-
siveness through proteolytic activities in cell lines.14–17

If NE cells exert regulatory control over prostatic
tissue, the question arises as to what regulates the NE
cells. Although some NE cells may express AR,18 many
are AI as they do not contain ARs.4,5 However, they do
have receptors for epidermal growth factor (EGF) and
ErbB2, which suggests they are controlled more by local
growth factors from the prostatic stroma than systemic
hormones.19 The expression of the EGF receptor itself is
under the control of PTHrP produced by both epithelial
cells and NE cells. It has been reported that interleukin

(IL)-1b and IL-6 upregulate CgA expression in CaP cell
lines,20 and IL-6 has been shown to induce morphologic
change toward an NE phenotype in epithelial cells.21

To summarize, NE cells express potent neuropeptides
that mediate diverse biological processes such as cell
growth, differentiation and transformation. In addition,
their morphology and distribution within the prostate
epithelium suggest a regulatory role similar to APUD
cells in other organs of the body. In contrast to other
epithelial cells, they are generally AR negative and
probably rely on paracrine growth factor control.

Role of NE cells in early CaP

The NE cells in CaP appear morphologically different
than those seen in benign tissue and co-express epithelial
markers such as prostate-specific antigen (PSA) and NE
markers (CgA).22,23 It is believed that these cells are the
result of transdifferentiation of epithelial cells.24 Such
NED has been experimentally demonstrated in several
CaP cell lines using cyclic AMP (cAMP), epinephrine,
forskolin, the cytokines IL-1 and IL-6, and as will be seen
later, AD conditions.20,21,25,26 These changes were shown
to be reversible when the substances were removed,27

emphasizing the incredible degree of plasticity exhibited
by prostatic epithelial cells. Based on this likely mechan-
ism for generating malignant NE cells, some NE cells
may express neuropeptide growth factors before chan-
ging morphologically and/or expressing CgA, NSE, etc.
In support of this, Iwamura et al.28 showed increased
PTHrP in high-grade prostatic intraepithelial neoplasia
before much NED had taken place as measured by
common NE markers.

NED is very common in CaP specimens. For example,
Bostwick et al.29 reported a prevalence of 92%. Although
wide ranges have been reported (30–100%), this is
probably due to different sampling techniques and
testing methods.30 Several varieties of prostatic NED
have been described. Two very rare types are small-cell
carcinoma and carcinoid tumor, both of which express
large numbers of malignant NE cells. The most common
type is the typical adenocarcinoma with individual NE
cells surrounded by small foci of epithelial CaP cells.
This arrangement (Figure 1) suggests that the NE cells
are producing growth factors supporting surrounding
(proliferating) cells.31,32

The prognostic significance of NED is controversial.
Many studies before 1990 showed a worse prognosis
with increasing NED, but subsequent examinations
failed to find any correlation independent of tumor

Table 1 Selected NE cellular products

Products Action in CaP References

Calcitonin gene family Growth modulation, in vitro resistance to apoptosis, stimulates PTHrP release 45,66

GRP AI growth factor, mediates migration, in vitro resistance to apoptosis, activates NF-kB 66,94,95

Neuropeptide Y Possible angiogenic effect through MAP kinase 96

Parathyroid hormone-related protein Mitogenic, regulates EGF receptor, overexpressed early in CaP 28,77

Proadrenomedullin N-terminal peptide Angiogenesis and GRP actions through GRP receptor binding 97,98

Serotonin Mitogen, facilitates AI growth 24,66,99

VEGF Angiogenesis, promotes growth and motility in AI manner 48,100

Abbreviations: AI, androgen-independent; CaP, prostate cancer; GRP, gastrin-releasing peptide; MAP, mitogen-activated protein; NF-kB, nuclear factor-kappa B;
PTHrP, parathyroid homone-related peptide; VEGF, vascular endothelial growth factor.
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grade or androgen responsiveness.7 The controversy
continues with some recent studies showing an inde-
pendent negative correlation between serum CgA and
survival in AI CaP,33,34 but others showing no prognostic
correlation,35 or improved outcomes with higher CgA.36

These authors all agree that the serum CgA continues to
be a valid marker of progression, but the complex
biology of NED makes direct correlation with prog-
nosis difficult. Cussenot et al.37 studied CgA and NSE
serum levels in CaP patients before ADT. Although most
elevations of serum markers were found in AI tumors,
some were not, leading them to theorize a role for
NED in the progression of CaP before AD. Their

study corroborated findings by Hoosein et al.38 that
NED markers correlated more with metastasis than
locally advanced disease.

The role of NE cells in the development and progres-
sion of CaP is suggested by their central role in cell
signaling pathways and several of these will be
briefly outlined including bombesin/GRP, serotonin,
PTHrP and possible pathways involved in angiogenesis
(Figure 2). A negative regulator of proliferation, soma-
tostatin, will also be discussed.

Bombesin/GRP is a potent mitogenic neuropeptide
shown to stimulate CaP growth in cell culture,39

probably through its ability to induce c-fos and c-myc,
thereby deregulating the cell cycle.40 GRP receptors are
known to be distributed throughout the human prostate
and Markwalder and Reubi41 showed they are over-
expressed in CaP. Bombesin/GRP also causes CaP cell
lines PC-3 and LNCaP to acquire greater invasive
potential.42

Serotonin is produced by most NE cells and is known
to be associated with malignant transformation.7,43

Dizeyi et al.44 showed several types of serotonin
receptors exist in CaP tissue and cell lines. Higher grade
cancer was shown to express a greater number of
receptors and tissue growth was regulated by serotonin
agonists and antagonists. The pathways by which
serotonin acts are complex due to multiple receptor
binding capabilities. It has been suggested that serotonin
may be related to the potent oncoprotein ras10 down-
stream from EGF receptors.

PTHrP is predominantly expressed in fetal tissues
but is also produced by NE cells. It is overproduced by
CaP tissue lines and can stimulate growth in a paracrine
manner.45 PSA cleaves PTHrP destroying its ability to

Figure 1 NED in Gleason 7 CaP specimen (courtesy of Dr
Gandour-Edwards).
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factor receptors. Abbreviations: CAM, cell adhesion molecule; EGFR, epithelial growth factor receptor; ERK1/2, extracellular signal-regulated
kinase 1/2; FAK, focal adhesion kinase; GPCR, G-protein-coupled receptor; NF-kB, nuclear factor-kappa B; RTK, receptor tyrosine kinase;
VEGF, vascular endothelial growth factor.

Neuroendocrine differentiation in prostate cancer
EC Nelson et al

8

Prostate Cancer and Prostatic Diseases



bind receptors. This has led to the suggestion that as PSA
expression decreases with ADT and CaP progression,
PTHrP’s growth-promoting activity increases.19

Angiogenesis is a necessary component of neoplastic
growth because of increased energy requirements.
NED is correlated with overall microvessel density in
CaP. In addition, increased microvessel density is seen
surrounding areas of NED and this effect is independent
of tumor grade.46 Several products of NE cells are
possible mediators of this effect. Vascular endo-
thelial growth factor (VEGF) is produced by some
NE cells,47 and VEGF staining NE cell density correlates
with microvessel density.48 Although bombesin/GRP
probably does not directly stimulate angiogenesis
through tyrosine kinases,49 it may stimulate the nuclear
factor-kappa B (NF-kB) angiogenesis pathway or
enhance the angiogenic effects of growth factors by trans-
activating the EGF receptor.50–52 The fact that the EGF
receptor is overexpressed in CaP may enhance
this effect.53

Somatostatin is the one neuropeptide that may have a
restraining influence upon prostatic growth and possibly
neoplastic transformation. NE cells not only produce
somatostatin, they also have receptors indicating auto-
crine as well as paracrine function.54 In CaP cells,
somatostatin induces cell-cycle arrest and apoptosis,55

perhaps through receptor type 3, which induces Bax.56

Somatostatin may inhibit neovascularization and pro-
static growth both directly and through indirect
effects mediated by insulin-like growth factor (IGF)-1.
Somatostatin decreases growth hormone (GH) release
by the liver, which in turn decreases IGF-1 release.56

Acromegalic patients have increased GH and IGF-1,
and the somatostatin agonist octreotide has been
shown to decrease prostate size in a cohort of these
patients.57

To summarize, NE cells express potent neuropeptides
that mediate diverse biological processes such as cell
growth, differentiation, transformation and invasion.
Although NE cells do not stain for proliferative
antibodies, they may be a source of paracrine factors
that support CaP growth and progression. All of these
complex interactions between signal-transduction path-
ways are undoubtedly involved in prostatic homeostasis.
This fine balance may be disturbed not only by pre-
existing genetic faults but also via environmental toxins
and carcinogens, diet, and the stress response, all of these
acting through the microcellular hormonal milieu. Many
of these microcellular environmental pathways converge
through G-protein-coupled receptors via cAMP, protein
kinase A and tyrosine kinases to activate mitogen-
activated protein (MAP) kinases. Increasing aberrant
activation of these pathways is independent of andro-
gens, utilizing instead a complex interplay between
classical growth factors and neuropeptides.

NE cells during ADT

The current treatment of metastatic CaP consists of
medical or surgical AD. The prostatic microenviron-
mental conditions brought on by ADT apparently play a
central role in the progression of CaP to the AI state. NE
cells are thought to play an important part in effecting

this change based on several lines of evidence from both
in vitro and in vivo studies.

Jongsma et al.58 demonstrated that PC310 cells differ-
entiate along NE lines when they are androgen deprived.
AD of LNCaP cells results in NED (Figure 3), with the
addition of IL-6,21 IL-859 and neuropeptides.60 Human
prostatic epithelial cells are similarly plastic and undergo
NED in an AD mouse xenograft.61 CaP patients treated
with ADT demonstrate higher levels of CgA compared to
androgen normal controls.62 When patients undergo
surgical resection, prostatic specimens showed signifi-
cantly increased NED in patients treated with neo-
adjuvant ADT compared to surgery only.63 Examination
of gene expression shows higher levels of CgA mRNA in
androgen-deprived CaP vs benign tissue.62

Feldman and Feldman64 have described a system
for classifying mechanisms of AI growth during ADT
into five categories. These are by no means mutually
exclusive and may all be operative. Two of their
categories form a useful framework for discussing the
various possible actions of NE cells in the larger tissue
microenvironment, specifically their possible role in
supporting AI growth of CaP epithelial cells.

The ‘outlaw receptor pathway’ causes androgenic
effects via crosstalk between the AR and other signaling
pathways. The final common pathway for these effects
seems to be phosphorylation of residues on the AR
causing activation of downstream effects, probably
through stimulation of MAP kinase.59,65 Theoretically,
these signaling pathways can be activated by various
biogenic amines produced by NE cells.7 Jongsma et al.66

showed that some androgen-depleted CaP cell lines can
proliferate when stimulated by GRP, a neuropeptide
produced by NE cells.

The gradual shift of normal to uncontrolled stimula-
tion of proliferation may be accelerated by ADT through
stimulation of greater growth factor production as
shown by Culig et al.67 for EGF. Alternatively, decreased

-- androgensandrogens

+ IL+ IL -- 66

+ androgen+ androgen

Figure 3 Morphological changes in LNCaP undergoing NED. In
the presence of androgen, cells show normal fusiform morphology
with unbranched cellular processes. Under AD conditions, cell
bodies become compact and cellular processes lengthen and
demonstrate a branching morphology.
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binding protein production may increase available
growth factors. Androgens may regulate bioavailability
of neuropeptides through regulation of binding proteins
as has been shown for IGF/insulin-like growth factor-
binding protein (IGFBP).68,69

The ‘bypass pathway’ includes mechanisms that no
not require androgens or the AR. The inhibition of
apoptosis is an important mechanism for the progression
of neoplasia and several mechanisms in CaP have been
studied. Bcl-2 is a gene product that blocks apoptosis and
is not normally expressed by prostate epithelium.70 The
expression of this gene directly correlates with androgen
responsiveness and has been shown to be induced
upon ADT in a mouse xenograft model.71,72 Epithelial
cells surrounding NE cells have higher levels of Bcl-2,
suggesting that the microcellular environment produced
by them induces greater cell survival.73 In addition,
the NE cells express survivin, another antiapoptotic
substance.74

Growth factors may not only promote growth
through outlaw receptor pathways, they may also inhibit
apoptosis. Neuropeptides endothelin-1, bombesin,
and growth factor IGF-1 activate the IGF-1 receptor,
which phosphorylates AKT, a serine/threonine kinase.
Activated AKT induces a strong antiapoptotic cellular
signal.75 The activity of AKT is opposed by PTEN
(phosphatase and tensin homolog) and loss of PTEN
is correlated with high-grade CaP.76 If IGF-1 activity
is increased because of the AD-mediated decrease in
IGFBP, the AKT pathway would overcome the inhibition
of PTEN even if it has not been lost to mutation.
Activation of the AKT pathway is probably important in
AI progression.77

To summarize the role of NE cells in the AI state, it
has been demonstrated that the products of NE cells
stimulate AI growth and increasing anaplasia. All CaP
cells from cell lines and patient samples have receptors
for bombesin or NT.41 PC-3 cells display a growth
response to NT16 and invasive/motility responses to
bombesin.17,42,78 Elevated expression of GRP receptors
are found in CaP specimens.41,79 Likewise, androgen-
sensitive LNCaP cells were shown to become invasive
after bombesin treatment.42 These and other findings
suggest that NED of CaP cells may be a central link in
supporting AI CaP growth under AD conditions.

NE cells after ADT

Following ADT, NE features are an independent
prognostic factor for progression of CaP.80 Following
neoadjuvant ADT, surgical specimens showed greater
NED compared to non-treated controls.63 In a retro-
spective study of CaP patients treated with chemother-
apy, Cabrespine et al.35 showed that CgA serum levels
following ADT were independently related to treatment
duration and were helpful in assessing patient response
to chemotherapy.

It is unlikely that ADT always initiates NED or that
this is an important feature in all CaP patients. However,
if it is true that ADT of CaP tends to promote NED and
supports continued progression of the tumor towards AI,
then the natural question arises, can CaP associated with
NED be treated?

Treatment

Treatment of AI CaP is the focus of intense research.
Only those strategies that directly impact NE cellular
signaling will be discussed here. These treatments
can be separated into adjunctive and salvage categories.
The former combines with ADT to prevent NED from
taking place, while the latter attempts to block the
biochemical pathways that result from existing NED
tumors.

Adjunctive treatment strategies are very limited. We
are not aware of any currently used adjunctive medica-
tions intended to prevent NED. So far, the only
treatments intended to do this involve variations in the
method or temporal aspects of AD. Sciarra and Di
Silverio81 have randomized patients with biochemical
progression following prostatectomy into two mono-
therapy groups: medical castration or antiandrogen.
They showed a significantly lower CgA level in the
group treated with antiandrogen, although both groups
showed significant increases.

Intermittent androgen deprivation (IAD) was devel-
oped as an attempt to delay the biochemical events that
lead to AI during continuous ADT. The known side
effects of ADT and concern for quality of life in advanced
CaP have also fueled interest. At least one study has
shown that IAD may also prevent or delay NED in
locally advanced disease when compared to CAD.82

Metastatic disease also showed a trend toward lower
serum CgA levels.

There are many treatments attempting to inhibit NED
or at least block pathways NE cells use to drive CaP
progression. Three known pathways that have excited
interest are bombesin/GRP, serotonin and somatostatin.
Antibodies against bombesin/GRP were shown to
inhibit prostate cell line growth through MAP kinase
pathways.83 Several studies have shown in vitro inhibi-
tion of CaP growth using serotonin inhibitors.44,84,85

Somatostatin has been used for various endocrine
tumors for some time with varied success.7 The actions
of somatostatin in CaP are more complex and the
treatment effect may be through secondary mediators
such as decreasing certain growth factors from NE
cells.86 In addition, multiple somatostatin receptor types
exist and different medications show different affinities.
A recent review of the literature including seven studies
using somatostatin analogues as monotherapy showed
‘negative results’.87 Direct growth factor antagonists of
many varieties have been tested with mixed results. For
example, suramin binds several growth factors and has
shown moderate activity in CaP.88

Targeting downstream effectors of the pathways listed
above may allow inhibition of multiple growth factors
with one treatment. Src, a non-receptor tyrosine kinase
activated by G-protein-coupled receptors, activates sig-
nal transducers and activator of transcription 3, which
in turn activates transcription of VEGF, cyclinD1 and
c-myc. Research at our institution has demonstrated
the importance of Src as a central signal-transduction
molecule in NED.60 An NCI-sponsored phase II trial of
the Src inhibitor AZD0530 as treatment for AI CaP is
planned to start by early 2007.

Another indirect method of targeting growth factors
is growth hormone-releasing hormone (GHRH) anta-
gonists. These medications have recently undergone
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improvements in efficacy and duration of action and
have shown activity in vitro and in xenografts.89

Several combination therapy protocols have been
used. GHRH antagonists in conjunction with bombesin/
GRP antagonists showed additive interference with IGF
and EGF pathways in PC-3 cell lines and xenografts.89

The authors suggest this may allow future adjuvant use
of these types of medication. Sciarra et al.90 suggest that
somatostatin may influence the microenvironment in
which CaP cells reside, allowing other treatments to
more effectively destroy the malignancy. Recognizing the
direct cytotoxic effects of estrogen on CaP,91 they used
the somatostatin agonist lanreotide in combination with
ethinyl estradiol, theorizing a synergistic effect. Fourteen
of 20 stage D3 patients demonstrated extended response
time and symptomatic improvement. In addition, serum
CgA decreased significantly, suggesting that a decrease
in NE cell number or activity may be partially respon-
sible for their results.

Chemotherapy targets dividing cells to induce geno-
mic damage and apoptosis. Although NE cells are
typically thought to be post-mitotic,5 at least one paper
claims otherwise.92 Modern chemotherapy regimens
may be useful according to a recent report,35 which
demonstrated significant decreases in CgA in treated AI
CaP patients.

One tremendous difficulty in developing new treat-
ment strategies is assessing effectiveness in reaching the
intended target. The focal nature of NED makes direct
tissue analysis less accurate than serum markers such
as CgA.93 However, all currently used serum markers
are expressed by non-NE cells and therefore are affected
by overall prostatic tissue volume rather that only NE
cell number. Measuring patient outcomes, although
helpful in identifying useful treatments, gives no
information on specific pathways. Development of new
markers for NED is a needed area of research. Other
potential methods include radiolabeled monoclonal
antibody imaging studies such as somatostatin receptor
scintigraphy. Non-invasive visualization of various
receptors in NE tissue shows great promise in treatment
assessment.

Conclusions

In summary, AR-negative NE cells are present in normal
prostatic tissue and may play a role in supporting initial
neoplastic changes. ADT may induce microenvironmen-
tal changes that increase the activity of these cells. It is at
least certain that they are selected for due to the lack of
androgen. NE cells are capable of inducing transdiffer-
entiation toward an NE phenotype in surrounding
epithelial cells. The substances excreted by the increasing
number of NE cells support the proliferation of existing
CaP in an AI manner progressively increasing indepen-
dence from androgen control. Greater understanding of
these early post-castration molecular events will allow
targeted adjunctive treatment of NED, thus decreasing
the number of CaP cells that escape from hormonal
control. New markers and associated imaging techniques
for NED will allow molecular expression profiling, thus
individualizing treatment based on the patient’s unique
microcellular environment.
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Abstract

BACKGROUND: Carcinoma of the prostate (CaP) is the

most commonly diagnosed cancer in men in the United

States. Signal transduction molecules such as tyrosine

kinases play important roles in CaP. Src, a nonreceptor

tyrosine kinase (NRTK) and the first proto-oncogene

discovered is shown to participate in processes such

as cell proliferation andmigration in CaP. Underscoring

NRTK’s and, specifically, Src’s importance in cancer is

the recent approval by the US Food and Drug Admin-

istration of dasatinib, the first commercial Src inhibi-

tor for clinical use in chronic myelogenous leukemia

(CML). In this review we will focus on NRTKs and

their roles in the biology of CaP. MATERIALS AND

METHODS: Publicly available literature from PubMed

regarding the topic of members of NRTKs in CaP was

searched and reviewed. RESULTS: Src, FAK, JaK1/2,

and ETK are involved in processes indispensable to the

biology of CaP: cell growth, migration, invasion, angio-

genesis, and apoptosis. CONCLUSIONS: Src emerges

as a common signaling and regulatory molecule in mul-

tiple biological processes in CaP. Src’s relative impor-

tance in particular stages of CaP, however, required

further definition. Continued investigation of NRTKs

will increase our understanding of their biological

function and potential role as new therapeutic targets.

Neoplasia (2007) 9, 90–100
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Introduction

Carcinoma of the prostate (CaP) is the most commonly

diagnosed cancer in American men, consisting of more

than 33% of all new cancer cases. Though many patients

are diagnosed with CaP, it has a relatively low mortality

rate when compared to other cancers. Nevertheless, it re-

mains the third leading cause of cancer-related deaths in

men in the United States, with about 27,350 estimated CaP-

related deaths in 2006 in the United States [1]. Because

CaP growth is facilitated by androgen exposure and be-

cause androgen withdrawal leads to apoptosis of CaP

cells, the current treatment of choice for recurrent or meta-

static CaP includes castration through chemical or surgical

means. Nearly all patients, however, relapse with androgen-

independent (AI) disease after androgen ablation therapy.

Ultimately, the uncontrolled growth of AI metastatic tumors

leads to patient mortality.

Tyrosine kinases (TKs) are signaling molecules well known

for their roles in human diseases such as diabetes and cancer.

Indeed, v-Src sarcoma (Schmidt-Ruppin A-2) viral oncogene

homolog (Src), a nonreceptor tyrosine kinase (NRTK), was

the first proto-oncogene discovered. More than a quarter of

a century has passed since the discovery of Src, and the

studies on TKs are coming to fruition with the development

and use of tyrosine kinase–based target-specific therapy

such as Gleevec, Iressa, and Herceptin for therapy against

chronic myelogenous leukemia (CML), lung cancer, and breast

cancer, respectively. Dasatinib, a dual Src/v-Abl Abelson mu-

rine leukemia viral oncogene homolog (Abl) inhibitor with anti-

migratory activity in prostate cancer cells in culture was recently

approved by the US Food and Drug Administration for use in

patients with CML [2]. Further underscoring the importance of

NRTKs, AZD0530 is another dual Src/Abl inhibitor that is

currently in multicenter phase II clinical trials for multiple types
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ARG, Abelson-related gene; Bcr, breakpoint cluster region; BrK/PTK6, breast tumor kinase/

protein tyrosine kinase 6; BPH, benign prostatic hypertrophy; BRCA1, breast cancer

susceptibility gene 1; CaP, carcinoma of the prostate; CML, chronic myelogenous leukemia;

CRKII, v-crk avian sarcoma virus CT10 oncogene homolog; CSK, C-terminal Src kinase;

DOC-2/DAB2, differentially expressed in ovarian cancer-2/disabled-2; EGF, epidermal growth

factor; ER, estrogen receptor; ERK1/2, extracellular signal – regulated kinase 1/2; ET1,

endothelin; ETK/BMX, endothelial/epithelial tyrosine kinase/bone marrow X kinase; FAK, focal

adhesion kinase; FeR, FpS/FeS– related tyrosine kinase; FeS/FpS, feline sarcoma oncogene/

fujinami avian sarcoma viral oncogene homolog; FGR, Gardner-Rasheed feline sarcoma viral

(v-FGR) oncogene homolog; Fyn, Fyn oncogene related to Src, FGR, Yes; HIF-1a, hypoxia-

inducible factor 1a; IGF-1, insulin-like growth factor 1; IL, interleukin; JaK, Janus kinase; KAI1/

CD82, Kangai 1/cluster designation 82; LcK, lymphocyte-specific protein tyrosine kinase; Lyn,

v-Yes-1 Yamaguchi sarcoma viral-related oncogene homolog; LPA, lysophosphatidic acid;

Met, met proto-oncogene (hepatocyte growth factor receptor); MMP, matrix metalloproteinase;

NEP, neutral endopeptidase; NRTK, nonreceptor tyrosine kinase; p130CAS, p130 CRK-

associated substrate; PAK1, p21-associated kinase 1; PDGF, platelet-derived growth factor;

PI3K, phosphatidylinositol 3-kinase; PKC, protein kinase C; PSA, prostate-specific antigen;

PTEN, phosphatase and tensin homolog; PYK2/CAKb, proline-rich tyrosine kinase 2/cell

adhesion kinase b; Raf, v-raf-1 murine leukemia viral oncogene homolog 1; Ras, v-Ha-ras

Harvey rat sarcoma viral oncogene homolog; SH, Src homology; Src, v-Src sarcoma

(Schmidt-Ruppin A-2) viral oncogene homolog; STAT, signal and transducer of transcription;

SYK, spleen tyrosine kinase; Tec, Tec protein kinase; TGF, tumor growth factor; TIMP, tissue

inhibitor of metalloproteinase; TKIP, tyrosine kinase inhibitor peptide; TnK, tyrosine kinase

nonreceptor; TyK2, tyrosine kinase 2; VEGF, vascular endothelial growth factor; Yes, v-Yes-1

Yamaguchi sarcoma viral oncogene homolog 1

Address all correspondence to: Christopher P. Evans, Department of Urology, University of

California at Davis, Suite 3500, 4860 Y Street, Sacramento, CA 95817.

E-mail: cpevans@ucdavis.edu

Received 29 October 2006; Revised 2 January 2007; Accepted 2 January 2007.

Copyright D 2007 Neoplasia Press, Inc. All rights reserved 1522-8002/07/$25.00

DOI 10.1593/neo.06694

Neoplasia . Vol. 9, No. 2, February 2007, pp. 90–100 90

www.neoplasia.com

REVIEW ARTICLE



of malignancies, including prostate cancer. In this review we

will focus on each of theNRTKsandwhat is known about their

respective roles in the biological processes of cell prolifera-

tion,migration, invasion, apoptosis, and angiogenesis in CaP.

There are several NRTK families. These are classified

based on their structural similarities (Figure 1): Abl, tyrosine

kinase nonreceptor (TnK), C-terminal Src kinase (CSK),

focal adhesion kinase (FAK), feline sarcoma oncogene/

fujinami avian sarcoma viral oncogene homolog (FeS),

Janus kinase (JaK), Src, Tec protein kinase (Tec), and

spleen tyrosine kinase (SYK). Though these NRTK families

are extensively and individually reviewed elsewhere, this

Figure 1. NRTK families and their members in a guide tree. Protein sequences are obtained from Entrez Gene and aligned using Vector NTI Advance software

(Invitrogen, Carlsbad, CA). Vector NTI Advance uses the neighbor-joining method of phylogenetic tree construction by Saitou and Nei [127]. The numbers in

parentheses after each kinase reflect the calculated distance values between pairs of analyzed sequences.
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is the first time they are summarily discussed in relation

to CaP.

Profiles of NRTKs in CaP

In 1996, Robinson et al. [3] led the first attempt at profiling the

expression of TKs in CaP. Using a modified and improved

reverse transcriptase–polymerase chain reaction approach,

they identified nine NRTKs expressed in CWR22, a CaP

xenograft. NRTKs include lymphocyte-specific protein tyro-

sine kinase (LcK), v-Yes-1 Yamaguchi sarcoma viral on-

cogene homolog 1(Yes), Abl, Abelson-related gene (ARG),

JaK1, tyrosine kinase 2 (TyK2), and endothelial/epithelial

tyrosine kinase/bone marrow X kinase (ETK/BMX). Fur-

thermore, ARG was found in several other CaP cell lines,

which include PC-3, DU145, and LNCaP. In a similar study,

Moore et al. [4] used degenerate polymerase chain reaction

against conserved kinase catalytic subdomains and found

that Abl, JaK1, JaK2, and TyK2 are expressed in surgically

removed CaP tissues. In CWR22Rv1, DU145, LNCaP and

PC3 cell lines, 18 NRTKs are expressed. This was confirmed

by our internal data and also cross-referenced with several

published reports (Figure 2).

Src Family

As the first human proto-oncogene discovered, Src’s

history spans nearly a century and has been extensively re-

viewed [5–22]. Members of the Src family include B lymphoid

Figure 2. Summary of NRTK mRNA or protein expression in CWR22Rv1, DU145, LNCaP, and PC3 cell lines based on internal data and published reports. NRTK

domain drawings and domain information were derived from Simple Modular Architecture Research Tool (SMART, Heidelberg, Germany).
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tyrosine kinase (BLK), breast tumor kinase/protein tyrosine

kinase 6 (BrK/PTK6), Gardner-Rasheed feline sarcoma

viral oncogene homolog (FGR), Fyn oncogene related to

Src, FGR, Yes (Fyn), hemopoietic cell kinase (HCK), LcK,

v-Yes-1 Yamaguchi sarcoma viral-related oncogene homolog

(Lyn), Src, Src-related kinase lacking C-terminal regulatory

tyrosine and N-terminal myristoylation sites (SRMS),Yes,

and Yes-related kinase (YRK). Of these, FGR, Fyn, LcK,

Lyn, Src, and Yes are expressed in either CaP tumor samples

or cell lines. Src, FGR, Fyn, LcK, and Lyn in particular have

been the most widely studied in CaP.

Src The premier member of its namesake family, Src is

extensively studied in cancer biology. Less is known, how-

ever, about Src biology in CaP. Though there are no pub-

lished reports of Src expression or activation levels in clinical

CaP specimens, Src is implicated in CaP through its asso-

ciation with factors that correlate positively with the pres-

ence or the progression of CaP disease, such as protein

kinase C (PKC) q, endothelial-derived gene 1 (EG-1), and

a truncated form of c-kit [23–25]. As further evidence of

Src’s possible involvement in CaP, DRS, a negative Src

regulator, is down-regulated in CaP tissues and in prostate

intraepithelial neoplasia relative to normal and benign pros-

tate hyperplasia (BPH) tissues [26]. Thus, there is circum-

stantial clinical evidence that Src plays a role in CaP through

its interactions with other factors of significance in CaP.

More is known about Src inCaP in vitro. Src is expressed in

commonly used CaP cell lines CWR22Rv1, DU145, LAPC-4,

LNCaP, and PC-3 (Figure 3). At first glance, Src protein

expression levels in CaP cell lines do not positively corre-

late with the aggressiveness, AI state, or the proliferation

rates of these cell lines. It is important to note, however,

that wild-type cellular Src is not normally constitutively ac-

tive. Its main role is to transduce signals of upstream activa-

tors. In cancer, the upstream signals may be aberrant, thus

leading to improper activation of Src and its downstream

pathways. One such pathway in CaP is Src activation by

neuroendocrine ligands [27].

Neuroendocrine differentiation in CaP is theorized to be in

part responsible for the development of AI CaP through the

secretion of neuroendocrine ligands. There is evidence that

Src takes part in AI cell proliferation. Cyclic adenosine mono-

phosphate (cAMP) analogs are able to activate Src fol-

lowing neuroendocrine differentiation, perhaps secondary to

secreted neuroendocrine factors such as gastrin-releasing

peptide and lysophosphatidic acid (LPA) [28–31]. LPA is

thought to promote cell proliferation through the v-Ha-ras

Harvey rat sarcoma viral oncogene homolog (Ras)–v-raf-1

murine leukemia viral oncogene homolog 1 (Raf)–ERK1/2

pathway in Src-dependent fashion. Bombesin, a Xenopus

gastrin-releasing peptide homolog, can also activate ERK1/2

through Src, possibly through epidermal growth factor (EGF)

receptor transactivation [32]. Once ERK1/2 has been acti-

vated, it can then activate the androgen receptor (AR) in an

AI manner, which promotes cell growth [27,33]. In addition

to LPA and bombesin, non-neurotrophic factors such as

interleukin-8 (IL-8) and insulin-like growth factor-1 (IGF-1)

also promote AI cell growth through Src [34,35].

In addition to cell proliferation, Src also takes part in

antiapoptotic pathways in CaP. Bombesin, endothelin

(ET1), met proto-oncogene (Met), and dihydrotestosterone-

activated AR all inhibit apoptosis through Src activation

[26,36–38]. There is, however, no consensus mechanism

by which Src promotes cell survival. Nuclear factor nB
(NF-nB)–v-akt murine thymoma viral oncogene homolog 1

(Akt)–p21-associated kinase 1 (PAK1) pathway, MEK1/2–

ERK1/2–CREB pathway, and signal and transducer of

transcription 3 (STAT3)–dependent down-regulation of

B-cell lymphoma leukemia (BCL-xL) and myeloid cell leuke-

mia sequence 1 (MCL-1) are all pathways by which Src

inhibits apoptosis [39].

Src is involved in other aspects of CaP biology: cell migra-

tion and adhesion. Src interacts with the extracellular signals

through the IL-8 receptor, Met, b1 integrins, Kangai 1/cluster

designation 82 (KAI1/CD82), and CD44 [23,34,40,41]. CD44

is a cell surface glycoprotein involved in cell–cell and cell–

matrix adhesions. KAI1/CD82 functions as a metastasis

suppressor, disrupting integrin-induced Src activation [42].

Intracellularly, Src modulates cell migration and adhesion

through its interaction with FAK and p130 CRK-associated

substrate (p130CAS) [2].

In addition to cell migration, Src also assists in tumor in-

vasion through its regulation of matrix metalloproteinases

(MMPs). MMPs aid in invasion through the degradation of

the extracellular matrix. Bombesin promotes Src-dependent

tumor progression and metastasis through the activation of

MMP9 in conjunction with b1 integrins [43]. Src inhibition, on

the other hand, decreases MMP9 activity levels [2,44].

Induction of angiogenesis bymalignant cells is required for

continued cell proliferation and metastasis, and vascular

endothelial growth factor (VEGF) is a critical angiogenic

factor. Src participates in angiogenesis in CaP through the

JaK1–STAT3–VEGF pathway [45]. Src activation is also

required for VEGF expression in simulated hypoxia environ-

ment through increased levels of hypoxia-inducible factor 1a

(HIF-1a) and activation of STAT3; as additional evidence of

Src’s involvement in angiogenesis, overexpression of active

Src leads to increased VEGF expression [46]. Expression

of the melanoma-differentiation–associated gene-7, a Src

Figure 3. Western blot analysis of total Src protein expression levels in

prostate cancer cell lines. Src is shown as a doublet upon probing in most cell

lines. Internal overexpression data (not shown) indicate that both bands are

Src and that the doublet is not a result of nonspecific probing of other Src

family kinase members.
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inhibitor, on the other hand, inhibits the subsequent down-

stream STAT3–VEGF pathway [46,47].

Src is also of particular interest in CaP in part because

of its interaction with steroid receptors. There is evidence

that low amounts of AR and androgen lead to Src activation

in the cytoplasm, thereby triggering downstream signaling

events independent of AR’s transcriptional and DNA-binding

activity [38,48]. In fact, dominant negative Src can inhibit

DNA synthesis following stimulation with low amounts of

synthetic androgen. AR overexpression and higher con-

centrations of androgen, however, seem to bypass the Src

pathway, leading to AR translocation to the nucleus and AR-

transcriptional activity–based DNA synthesis.

In addition to the aforementioned activation of Src by

androgen-activated AR, Src also associates with AR and

estrogen receptor (ER) upon stimulation with estradiol, ulti-

mately resulting in increased cell proliferation [38,49,50]. It

is thought that Src serves as a scaffolding protein for the

AR–ER complex. Steroidal ligand, however, is not necessary

for AR–Src complex formation. Upon EGF stimulation, pre-

formed heterodimers of ERa and AR form a complex with

EGF receptor and Src, resulting in the activation and phos-

phorylation of EGF receptor, DNA synthesis, and cytoskeletal

changes [51]. On the other hand, DOC-2/DAB2, a tumor

suppressor and a negative Src regulator protein, is reported

to inhibit AR’s mitotic effects through the disruption of the

AR–Src complex [52,53]. Thus, taken together with reports

of AI AR activation by Src, AR and Src seem to be able to

reciprocally transactivate, depending on the concentration

and type of stimulatory ligand.

There are few published reports on cellular elements

that negatively regulate Src in CaP. In addition to DOC-2/

DAB2, tumor growth factor (TGF) b is reported to decrease

both Src expression and its corresponding activity. This is

shown by the accumulation of unphosphorylated form of

SH2-containing protein (SHC) and a subsequent decrease

in complex formation between SHC and growth factor

receptor–bound protein 2 (Grb2) [54].

BrK/PTK6 BrK is an Src family member, and little is known

about it in CaP. In patient samples, BrK is detected in

the nuclei of normal luminal epithelial tissues and well-

differentiated tumors, but not in poorly differentiated tumors

[55]. Localization of BrK in CaP cell lines LNCaP, which is

poorly tumorigenic, and PC-3, which is more aggressive, is

primarily nuclear and cytoplasmic, respectively. ThoughPC-3

expressed more BrK than LNCaP did, BrK is less active in

PC-3 cells. Thus, the localization of BrKmay play a role in the

differentiation of CaP and its aggressiveness.

FGR/Src-2 FGR is an Src kinase family member. It is a

negative regulator of phosphatase and tensin homolog

(PTEN) and a positive regulator of both Ras and Raf1, thus

inhibiting apoptosis and stimulating cell growth, respectively

[56]. Though little is known about FGR in CaP, FGR may be

overexpressed in CaP, as shown by FGR DNA amplifica-

tion in patient tumor tissues transitioning from androgen-

dependent to AI states [56]. Thus, FGR may play a role in

CaP growth and survival.

Fyn Fyn is an Src family kinase member. It is involved in

LNCaP mitogenesis following prolactin stimulation [57].

Though it is suggested that Fyn participates in prolactin-

induced cell proliferation through K+ ion channels, further

studies are necessary in order to elucidate the mechanism of

Fyn-modulated prolactin-induced cell proliferation in CaP.

LcK LcK is an Src family kinase member. It is expressed

in CWR22 xenograft cells [3]. Little else is known about the

role of LcK in CaP.

Lyn Lyn is an Src family kinase member expressed in

normal prostate, 95% of primary CaP, and AI PC-3 and

DU145 cells [58]. Lyn knockout mice have abnormal prostate

gland development. Treatment with KRX-123, a Lyn-specific

inhibitor, results in the inhibition of cell growth in DU145

and PC-3 cell lines. DU145 explants in mice treated with

KRX-123 were found to also undergo apoptosis. Thus, Lyn

seems to play a role in the proliferation and the apoptosis

of CaP.

Lyn may also be an important regulator of cell migration in

CaP. DU145 cells treated with dasatinib, an Src family kinase

inhibitor, have reduced migratory activity [2]. On the other

hand, Lyn can bind with neutral endopeptidase (NEP) and

act as a competitive inhibitor to the PI3K–FAK complex, re-

sulting in decreased cell migration [59]. Lyn’s role in CaP cell

migration is therefore inconclusive.

In CaP, Lyn is down-regulated by TGFb and up-regulated

by KAI1/CD82 [54,60]. Despite its elevated expression fol-

lowing KAI1/CD82 stimulation, however, Lyn’s overall kinase

activity was unchanged.

FAK Family

FAK As the predominate member of its namesake family

of kinases, FAK is well studied in CaP. Several general re-

views of FAK are available [61–71]. Though FAK may play

roles in growth, apoptosis, and angiogenesis in CaP, FAK is

known primarily for its role in cell motility and cytoskeletal

rearrangement, as supported by in vivo and in vitro evidence.

In clinical specimens, FAK expression and activation are

uniformly higher in metastatic CaP than in normal and BPH

tissues [72,73]. In vitro comparison between highly meta-

static CaP cell lines and LNCaP, a cell line with lower

metastatic potential, shows similar results, with increased

expression and activation of FAK in the more aggressive cell

lines [74]. FAK’s association with molecular mediators of cell

migration and adhesions are indicative of its function as well.

Activated FAK complexes with b1 and a(v)b3 integrins, mole-

cules involved in cell adhesion [75–78]. As further evidence

of FAK’s function as a cell motility factor, inhibition of FAKwith

anti-FAK (pY397) antibody or FAK-related nonkinase (FRNK)

resulted in significantly decreased cell migration [79].

Bombesin and IL-8 are both G protein–coupled receptors

(GPCR) that activate FAK and stimulate cell migration
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[34,79–81]. This is not surprising given FAK’s reciprocal

transactivation relationship with Src and both IL-8 and bomb-

esin’s abilities to activate Src. For bombesin to activate FAK,

however, both PKC and an intact cytoskeleton are required

[80,82]. Following its activation, FAK then phosphorylates

p130CAS, leading to p130CAS–v-crk avian sarcoma virus

CT10 oncogene homolog (CRKII) complex formation. Dis-

ruption of the p130CAS–CRKII complex by overexpressing

KAI1/CD82 results in decreased cell motility [60].

Extracellularly, FAK is activated by integrins, ET1, bomb-

esin, IL-8, and urokinase plasminogen activator (uPA),

an invasion and metastasis factor in CaP [83,84]. Intra-

cellularly, it is modulated by Src. It is important to note that

Src and FAK activation often go hand in hand. They couple

and reciprocally transactivate each other. There are, how-

ever, exceptions. FAK activation by autophosphorylation of

tyrosine 397 is not Src-dependent; it is adhesion-dependent

[74]. On the other hand, phosphorylation of tyrosine 861,

which leads to increased FAK activity, is Src-dependent but

not adhesion-dependent.

Though FAK is primarily a cell motility regulator, it is

also involved in cell proliferation. Similar to cell migration,

bombesin-induced FAK-mediated proliferation requires an

intact cytoskeleton [80]. A signal downstream of FAK is

ETK/BMX, an NRTK critical for bombesin-induced growth

[27]. Following FAK activation of ETK/BMX, ETK/BMX sub-

sequently activates AR, thereby inducing cell growth. Inter-

estingly, not only can FAK indirectly activate AR, it can

also be activated by membrane-associated AR in a PI3K-

dependent manner [85].

In addition to migration and proliferation, FAKmay also be

involved in CaP angiogenesis and apoptosis. There is evi-

dence that FAK induces VEGF transcription in an ERK1/

2–dependent, Rap1-dependent, and Raf-dependent but

Ras-independentmanner [86]. IncreasedVEGF transcription

may then lead to an increased level of its secreted protein

and, thus, angiogenesis. In regard to apoptosis, treatment of

cells with proapoptotic factors FTY720 and doxazosin both

down-regulate FAK expression for reasons that are not

currently known [87,88].

There are few known ways in which FAK is negatively

regulated in CaP. Negative FAK regulators include PTEN,

a tumor suppressor gene with dual phosphatase activity

that is frequently deleted in aggressive CaP [89]. FAK may

also be indirectly negatively regulated through the forma-

tion of the Lyn–PI3K–NEP complex instead of the PI3K–

FAK complex [59].

Proline-rich tyrosine kinase 2/cell adhesion kinase � (PYK2/

CAK�) PYK2/CAKb is a member of the FAK family of

tyrosine kinases. A general review of PYK2 is available

[90]. It is expressed in normal prostate epithelia and BPH,

but its expression level decreases with increasing grade

in CaP [91]. The gene is located on chromosome 8p21.1,

a site of frequent deletion in CaP [92].

Though in vivo evidence suggests that PYK2 plays a

tumor suppressive role in CaP, the in vitro evidence of this

hypothesis is inconclusive. In vitro experiments show that

PYK2 is activated by LPA and tumor necrosis factor a.

PYK2 plays a role in the activation of ERK1/2 following LPA

stimulation and may thus stimulate cell proliferation [93].

In addition, cells expressing dominant negative PYK2 have

decreased proliferation rates. On the other hand, PYK2

indirectly inhibits AR activation through the inactivation of

an AR-associated protein, ARA55 [94]. Thus, PYK2’s role

in CaP may depend on the androgen sensitivity status of

the cells in question and requires further investigation

and clarification.

FeS Family

The FeS family of NRTKs consists of two members: FeS/

FpS and FpS/FeS–related tyrosine kinase (FeR). Little is

known about the FeS family in CaP. An examination of CaP

cell lines PC-3, PC133, and PC135 failed to detect FeS

transcript [95]. FeR expression, on the other hand, was found

in CaP cell lines PC-3, DU145, and LNCaP and positively

correlated with CaP versus normal and BPH tissue samples

[96]. Consistent with patient sample data, cells transfected

with antisense FeR grew at a slower rate and were unable to

grow in an anchorage-independent fashion. In the dogmodel,

a higher FeR expression was found in dividing versus resting

prostate epithelial cells and in cells displaying basal cell

hyperplasia and metaplasia following postcastration estro-

gen treatment [96]. Thus, FeR is likely a proliferation factor

in CaP.

JaK Family

JaK1 The JaK family of kinases is well known for its role

in signaling events in cells following cytokine stimulation

and its association with the STAT family of kinases. Though

JaK1 is present in some clinical CaP specimens, JaK1 is

reported to be either negatively regulated or mutated in

many CaP cell lines [4,97,98]. LNCaP is found to have both

nonsense mutation and repressed JaK1 transcription where-

as CWR22Rv1 and LAPC-4 have only nonsense mutations

and no known transcriptional repression.

In DU145 cells, which have wild-type JaK1, there are

reports that JaK1 associates with breast cancer susceptibility

gene 1 (BRCA1) [99]. When BRCA1 is overexpressed, JaK1

and STAT3 become activated. Subsequent inhibition of

STAT3 activation results in decreased cell proliferation as

well as in apoptosis. Interestingly, inhibition of JaK1 in wild-

type DU145 does not result in apoptosis [100]. Thus, it may

be possible that although JaK1 activation by BRCA1 leads

to increased JaK1 and STAT3 activation, STAT3 may in fact

not be directly downstream of JaK1 in CaP, and their con-

current activation is coincidental.

JaK1may also play a role in the inhibition of CaPmigration

and invasion following IL-10 stimulation [101]. Tissue inhibitor

of metalloproteinases (TIMP) 1 is an anti-invasion factor.

IL-10 is known to activate the JaK1–IL-10E1–TIMP-1 path-

way in CaP [102].

JaK2 JaK2 is expressed in someCaP tissues [4]. Similar to

JaK1, JaK2 is also activated by BRCA1 in DU145 cells [99]. It
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is interesting to note that although JaK1 inhibition does not

result in apoptosis in wild-type DU145 cells, inhibition of JaK2

does [100]. Thus, STAT3 activation in DU145 may be de-

pendent on JaK2 rather than on JaK1. Whether STAT3 is

activated by JaK1 or JaK2 in CaP, however, seems to be

cell line–dependent [103].

JaK2 may also be involved in cell proliferation in CaP.

Tyrosine kinase inhibitor peptide (TKIP) directly inhibits

JaK2 autophosphorylation, decreases STAT3 activation,

and slows CaP proliferation [104]. Consistent with decreased

cell proliferation and STAT3 activation, cyclin D1 level is de-

creased and cells are arrested in the G1 phase of the cell

cycle following TKIP treatment. Thus, JaK2may be important

for CaP growth through the STAT3 pathway. In addition

to STAT3, JaK2 may be of particular importance in CaP

through its regulation of STAT5, a factor that positively

correlates with the histological grade of CaP [105,106].

TyK2 TyK2 is expressed in some CaP tissues [4]. Though

TyK2 may also be involved in CaP migration and invasion

and similarly participates in the activation of IL-10E1 fol-

lowing IL-10 stimulation of CaP cells as JaK1, its temporal

regulation profile is different from that of JaK1 [101,102].

Members of Other NRTK Families

Abl Abl is well known for its role in the etiology of CML

following the formation of the Philadelphia chromosome

(t(9:22)) and the breakpoint cluster region (Bcr)–Abl hybrid

gene product. Less is known, however, about Abl in CaP.

It is known that Abl is expressed in some CaP specimens

and that Abl is necessary for retinoblastoma-mediated g-

radiation– induced apoptosis in DU145 cells [4,107]. There

is indirect evidence that Abl may be important in CaP. Human

spectrin SH domain–binding protein 1 (Hssh3bp1) is a gene

that binds to Abl, possibly as a negative regulator [108]. A

majority (9 of 17) of CaP tumor samples analyzed failed

to express Hssh3bp1. Furthermore, Hssh3bp1 is found on

chromosome 10p, a region frequently deleted in CaP. Thus,

Abl may be circumstantially implicated in CaP through its

association with Hssh3bp1.

Imatinib mesylate (Gleevec; Novartis, East Hanover, NJ)

is a Bcr–Abl inhibitor that is clinically used for the treatment

of CML. It also has activity against Kit kinase and platelet-

derived growth factor (PDGF) receptor. In vitro, Gleevec in-

hibits CaP cell growth with IC50 in the 10-mM range [109]. In

mice models, however, Gleevec’s efficacy against CaP

growth is inconclusive with some, but not all, studies showing

growth inhibition [110–113].

Similarly, preliminary results from clinical studies also paint

a mixed picture. A phase I clinical trial of Gleevec in combi-

nation with docetaxel in AI CaP showed a prostate-specific

antigen (PSA) decline in 14 of 21 patients, although it is un-

known whether the decline can be attributed to Gleevec or

docetaxel [114]. In another AI CaP study, Gleevec in com-

bination with zoledronic acid (Zometa, Novartis) showed

no clinical effect in 15 CaP patients [115]. Lastly, as mono-

therapy in 16 patients with androgen-sensitive CaP, Gleevec

treatment resulted in nine patients with stable PSA levels

and seven patients with PSA progression [116]. Thus, clinical

use of Gleevec as monotherapy in CaP may be ineffective.

The efficacy of using Gleevec as an adjuvant therapy to other

treatment modalities is presently unknown.

CSK CSK is a well known negative Src regulator [117].

Little is directly known about CSK in CaP other than that it

complexes with FAK inmetastatic tumors and PC-3 cells [73].

ETK/BMX Discovered in 1994, ETK/BMX belongs to the

Tec family of NRTK [118]. In CaP, ETK is downstream of

PI3K in the induction of the neuroendocrine differentiation

of LNCaP cells following IL-6 stimulation [119]. It is also re-

ported to function as an antiapoptotic factor. Overexpression

of ETK confers resistance to apoptosis in CaP cells through

its interaction with PI3K [120]. PI3K is not, however, required

for ETK activation [27]. Another mechanism by which ETK

may protect against apoptosis is through its interaction with

p53 [121]. Interestingly, ETK also participates in the apoptotic

cascade in CaP cells. Introduction of ETK’s C-terminal frag-

ment into PC-3 cells can lead to apoptosis following proteo-

lytic cleavage of ETK by caspases [122].

ETK is also critical for cell proliferation following bombesin

stimulation and AR activation in CaP [27]. ETK serves as a

signal transducer between Src and FAK upstream and AR

downstream. ETK alone, however, is insufficient for AR ac-

tivation. ETK must be able to reciprocally transactivate with

Pim1 before AR activation [123,124].

Other NRTKS SYK and TNK1 are other NRTKs that have

been studied in CaP. Virtually nothing is known about their

properties and functions in prostate cancer except that the

promoter region of SYK is hypermethylated and TNK1 tran-

script is found in prostate tissues [125,126]. SYK expression

may thus be down-regulated in CaP, whereas TNK1 protein

expression level remains to be investigated.

Conclusion

Much is known regarding specific NRTKs in CaP (Src, FAK,

JaK1/2, and ETK), whereas less is known about the other

NRTKs. Perhaps it is not a coincidence that the well-studied

Src, FAK, JaK1/2, andETK kinases are involved in processes

indispensable to the pathology of CaP: cell growth, migration,

invasion, angiogenesis, and apoptosis. It is therefore im-

perative that we learn more about these NRTKs through

future studies. Although Src, FAK, JaK1/2, and ETK are im-

portant in CaP biology, we should not neglect the other

NRTKs that may also play important roles in CaP and should

also investigate the lesser known NRTKs.

Looking at the current literature of NRTKs in CaP, there

emerges a picture of Src being an ubiquitous player in

multiple biological processes interacting with numerous play-

ers in multiple signaling pathways. Src transduces signals

from upstream receptors such as IL-8, EGF, IGF-1, neuro-

tensin, ET1, and HGF/SF to downstream molecules such as

FAK, ETK, JAK1/2, STAT3, Ras, ERK1/2, Akt, HIF-1a, and,

of particular significance in CaP biology, AR (Figure 4). Given
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the preponderance of evidence in multiple biological pro-

cesses linking Src to CaP, Src is likely an important point

of pathway convergence in CaP. Perhaps it is not sur-

prising then that Src is currently the only NRTK target in

clinical trials for CaP, whereas no NRTK-specific therapy is

available for general clinical use in CaP. What remains

unclear, however, is Src’s relative importance in particular

stages of CaP: oncogenesis, growth, survival, AI growth,

angiogenesis, and metastasis. Nevertheless, with cancer

treatments moving toward targeting specific pathways, it

is important that we continue investigating signaling path-

ways so that we can develop novel therapies through con-

tinued research.

References
[1] Jemal A, Siegel R, Ward E, Murray T, Xu J, Smigal C, and Thun MJ

(2006). Cancer statistics, 2006. CA Cancer J Clin 56, 106–130.

[2] Nam S, Kim D, Cheng JQ, Zhang S, Lee JH, Buettner R, Mirosevich J,

Lee FY, and Jove R (2005). Action of the Src family kinase inhibitor,

dasatinib (BMS-354825), on human prostate cancer cells. Cancer Res

65, 9185–9189.

[3] Robinson D, He F, Pretlow T, and Kung HJ (1996). A tyrosine kinase

profile of prostate carcinoma. Proc Natl Acad Sci USA 93, 5958–5962.

[4] Moore TM, Garg R, Johnson C, Coptcoat MJ, Ridley AJ, and Morris JD

(2000). PSK, a novel STE20-like kinase derived from prostatic carci-

noma that activates the c-Jun N-terminal kinase mitogen-activated pro-

tein kinase pathway and regulates actin cytoskeletal organization. J Biol

Chem 275, 4311–4322.

[5] Boggon TJ and Eck MJ (2004). Structure and regulation of Src family

kinases. Oncogene 23, 7918–7927.

[6] Bromann PA, Korkaya H, and Courtneidge SA (2004). The interplay

between Src family kinases and receptor tyrosine kinases. Oncogene

23, 7957–7968.

[7] Gauld SB and Cambier JC (2004). Src-family kinases in B-cell devel-

opment and signaling. Oncogene 23, 8001–8006.

[8] Geahlen RL, Handley MD, and Harrison ML (2004). Molecular inter-

diction of Src-family kinase signaling in hematopoietic cells. Oncogene

23, 8024–8032.

[9] Kalia LV, Gingrich JR, and Salter MW (2004). Src in synaptic trans-

mission and plasticity. Oncogene 23, 8007–8016.

[10] Luttrell DK and Luttrell LM (2004). Not so strange bedfellows: G-

protein – coupled receptors and Src family kinases. Oncogene 23,

7969–7978.

[11] Martin GS (2004). The road to Src. Oncogene 23, 7910–7917.

[12] Palacios EH and Weiss A (2004). Function of the Src-family kinases,

Lck and Fyn, in T-cell development and activation. Oncogene 23,

7990–8000.

[13] Parsons SJ and Parsons JT (2004). Src family kinases, key regulators

of signal transduction. Oncogene 23, 7906–7909.

[14] Playford MP and Schaller MD (2004). The interplay between Src and

integrins in normal and tumor biology. Oncogene 23, 7928–7946.

[15] Reynolds AB and Roczniak-Ferguson A (2004). Emerging roles for

p120-catenin in cell adhesion and cancer. Oncogene 23, 7947–7956.

[16] Shupnik MA (2004). Crosstalk between steroid receptors and the

c-Src-receptor tyrosine kinase pathways: implications for cell prolifera-

tion. Oncogene 23, 7979–7989.

[17] Silva CM (2004). Role of STATs as downstream signal transducers in

Src family kinase–mediated tumorigenesis. Oncogene 23, 8017–8023.

[18] Alvarez RH, Kantarjian HM, and Cortes JE (2006). The role of Src in

solid and hematologic malignancies: development of new-generation

Src inhibitors. Cancer 107, 1918–1929.

[19] Trevino JG, Summy JM, and Gallick GE (2006). SRC inhibitors as

potential therapeutic agents for human cancers. Mini Rev Med Chem

6, 681–687.

[20] Summy JM and Gallick GE (2006). Treatment for advanced tumors:

SRC reclaims center stage. Clin Cancer Res 12, 1398–1401.

[21] Alper O and Bowden ET (2005). Novel insights into c-Src. Curr Pharm

Des 11, 1119–1130.

[22] Roskoski R Jr (2005). Src kinase regulation by phosphorylation and

dephosphorylation. Biochem Biophys Res Commun 331, 1 –14.

[23] Wu D, Thakore CU, Wescott GG, McCubrey JA, and Terrian DM

(2004). Integrin signaling links protein kinase C epsilon to the protein

kinase B/Akt survival pathway in recurrent prostate cancer cells. On-

cogene 23, 8659–8672.

[24] Paronetto MP, Farini D, Sammarco I, Maturo G, Vespasiani G,

Geremia R, Rossi P, and Sette C (2004). Expression of a truncated

Figure 4. Known Src pathways in prostate cancer. The close proximity of molecules not connected with arrows denote physical association. Red arrows denote

activation. Black arrows denote change in levels of molecule. Figure templates were provided by BioCarta (San Diego, CA).

Nonreceptor Tyrosine Kinases in Prostate Cancer Chang et al. 97

Neoplasia . Vol. 9, No. 2, 2007



form of the c-Kit tyrosine kinase receptor and activation of Src kinase

in human prostatic cancer. Am J Pathol 164, 1243–1251.

[25] Lu M, Zhang L, Maul RS, Sartippour MR, Norris A, Whitelegge J, Rao

JY, and Brooks MN (2005). The novel gene EG-1 stimulates cellular

proliferation. Cancer Res 65, 6159–6166.

[26] Kim CJ, Shimakage M, Kushima R, Mukaisho K, Shinka T, Okada Y,

and Inoue H (2003). Down-regulation of drs mRNA in human prostate

carcinomas. Hum Pathol 34, 654–657.

[27] Lee LF, Guan J, Qiu Y, and Kung HJ (2001). Neuropeptide-induced

androgen independence in prostate cancer cells: roles of nonreceptor

tyrosine kinases Etk/Bmx, Src, and focal adhesion kinase. Mol Cell

Biol 21, 8385–8397.

[28] Allard P, Beaulieu P, Aprikian A, and Chevalier S (2000). Bombesin

modulates the association of Src with a nuclear 110-kd protein ex-

pressed in dividing prostate cells. J Androl 21, 367–375.

[29] Daaka Y (2002). Mitogenic action of LPA in prostate. Biochim Biophys

Acta 1582, 265–269.

[30] Kue PF and Daaka Y (2000). Essential role for G proteins in prostate

cancer cell growth and signaling. J Urol 164, 2162–2167.

[31] Bang YJ, Pirnia F, Fang WG, Kang WK, Sartor O, Whitesell L, Ha MJ,

Tsokos M, Sheahan MD, Nguyen P, et al. (1994). Terminal neuro-

endocrine differentiation of human prostate carcinoma cells in re-

sponse to increased intracellular cyclic AMP. Proc Natl Acad Sci

USA 91, 5330–5334.

[32] Xiao D, Qu X, and Weber HC (2003). Activation of extracellular

signal – regulated kinase mediates bombesin-induced mitogenic re-

sponses in prostate cancer cells. Cell Signal 15, 945–953.

[33] Gong J, Zhu J, Goodman OB, Pestell RG, Schlegel PN, Nanus DM,

and Shen R (2006). Activation of p300 histone acetyltransferase ac-

tivity and acetylation of the androgen receptor by bombesin in prostate

cancer cells. Oncogene.

[34] Lee LF, Louie MC, Desai SJ, Yang J, Chen HW, Evans CP, and Kung

HJ (2004). Interleukin-8 confers androgen-independent growth and

migration of LNCaP: differential effects of tyrosine kinases Src and

FAK. Oncogene 23, 2197–2205.

[35] Pandini G, Mineo R, Frasca F, Roberts CT Jr, Marcelli M, Vigneri R,

and Belfiore A (2005). Androgens up-regulate the insulin-like growth

factor-I receptor in prostate cancer cells. Cancer Res 65, 1849–1857.

[36] Fan S, Gao M, Meng Q, Laterra JJ, Symons MH, Coniglio S, Pestell

RG, Goldberg ID, and Rosen EM (2005). Role of NF-kappaB signaling

in hepatocyte growth factor/scatter factor –mediated cell protection.

Oncogene.

[37] Sumitomo M, Shen R, Goldberg JS, Dai J, Navarro D, and Nanus DM

(2000). Neutral endopeptidase promotes phorbol ester – induced

apoptosis in prostate cancer cells by inhibiting neuropeptide-induced

protein kinase C delta degradation. Cancer Res 60, 6590–6596.

[38] Unni E, Sun S, Nan B, McPhaul MJ, Cheskis B, Mancini MA, and

Marcelli M (2004). Changes in androgen receptor nongenotropic sig-

naling correlate with transition of LNCaP cells to androgen indepen-

dence. Cancer Res 64, 7156–7168.

[39] Kotha A, Sekharam M, Cilenti L, Siddiquee K, Khaled A, Zervos AS,

Carter B, Turkson J, and Jove R (2006). Resveratrol inhibits Src and

Stat3 signaling and induces the apoptosis of malignant cells containing

activated Stat3 protein. Mol Cancer Ther 5, 621–629.

[40] Zhu D and Bourguignon LY (1998). The ankyrin-binding domain of

CD44s is involved in regulating hyaluronic acid –mediated func-

tions and prostate tumor cell transformation. Cell Motil Cytoskelet 39,

209–222.

[41] Jee B, Jin K, Hahn JH, Song HG, and Lee H (2003). Metastasis-

suppressor KAI1/CD82 induces homotypic aggregation of human

prostate cancer cells through Src-dependent pathway. Exp Mol Med

35, 30–37.

[42] Sridhar SC and Miranti CK (2006). Tetraspanin KAI1/CD82 sup-

presses invasion by inhibiting integrin-dependent crosstalk with

c-Met receptor and Src kinases. Oncogene 25, 2367–2378.

[43] Festuccia C, Angelucci A, Gravina G, Eleuterio E, Vicentini C, and

Bologna M (2002). Bombesin-dependent pro-MMP-9 activation in

prostatic cancer cells requires beta1 integrin engagement. Exp Cell

Res 280, 1 –11.

[44] Recchia I, Rucci N, Festuccia C, Bologna M, MacKay AR, Migliaccio

S, Longo M, Susa M, Fabbro D, and Teti A (2003). Pyrrolopyrimidine

c-Src inhibitors reduce growth, adhesion, motility and invasion of pros-

tate cancer cells in vitro. Eur J Cancer 39, 1927–1935.

[45] Nam S, Buettner R, Turkson J, Kim D, Cheng JQ, Muehlbeyer S,

Hippe F, Vatter S, Merz KH, Eisenbrand G, et al. (2005). Indirubin

derivatives inhibit Stat3 signaling and induce apoptosis in human

cancer cells. Proc Natl Acad Sci USA 102, 5998–6003.

[46] Gray MJ, Zhang J, Ellis LM, Semenza GL, Evans DB, Watowich SS,

and Gallick GE (2005). HIF-1alpha, STAT3, CBP/p300 and Ref-1/APE

are components of a transcriptional complex that regulates Src-

dependent hypoxia-induced expression of VEGF in pancreatic and

prostate carcinomas. Oncogene 24, 3110–3120.

[47] Inoue S, Branch CD, Gallick GE, Chada S, and Ramesh R (2005).

Inhibition of Src kinase activity by Ad-mda7 suppresses vascular en-

dothelial growth factor expression in prostate carcinoma cells. Mol

Ther 12, 707–715.

[48] Castoria G, Lombardi M, Barone MV, Bilancio A, Di Domenico M, De

Falco A, Varricchio L, Bottero D, Nanayakkara M, Migliaccio A, et al.

(2004). Rapid signalling pathway activation by androgens in epithelial

and stromal cells. Steroids 69, 517–522.

[49] Migliaccio A, Castoria G, Di Domenico M, de Falco A, Bilancio A,

Lombardi M, Barone MV, Ametrano D, Zannini MS, Abbondanza C,

et al. (2000). Steroid-induced androgen receptor–oestradiol receptor

beta–Src complex triggers prostate cancer cell proliferation. EMBO J

19, 5406–5417.

[50] Chieffi P, Kisslinger A, Sinisi AA, Abbondanza C, and Tramontano D

(2003). 17beta-Estradiol – induced activation of ERK1/2 through en-

dogenous androgen receptor –estradiol receptor alpha–Src complex

in human prostate cells. Int J Oncol 23, 797–801.

[51] Migliaccio A, Di Domenico M, Castoria G, Nanayakkara M, Lombardi

M, de Falco A, Bilancio A, Varricchio L, Ciociola A, and Auricchio F

(2005). Steroid receptor regulation of epidermal growth factor sig-

naling through Src in breast and prostate cancer cells: steroid antago-

nist action. Cancer Res 65, 10585–10593.

[52] Zhoul J, Hernandez G, Tu SW, Huang CL, Tseng CP, and Hsieh JT

(2005). The role of DOC-2/DAB2 in modulating androgen receptor –

mediated cell growth via the nongenomic c-Src–mediated pathway in

normal prostatic epithelium and cancer. Cancer Res 65, 9906–9913.

[53] Zhou J, Scholes J, and Hsieh JT (2003). Characterization of a novel

negative regulator (DOC-2/DAB2) of c-Src in normal prostatic epithe-

lium and cancer. J Biol Chem 278, 6936–6941.

[54] Atfi A, Drobetsky E, Boissonneault M, Chapdelaine A, and Chevalier

S (1994). Transforming growth factor beta down-regulates Src family

protein tyrosine kinase signaling pathways. J Biol Chem 269,

30688–30693.

[55] Derry JJ, Prins GS, Ray V, and Tyner AL (2003). Altered localization

and activity of the intracellular tyrosine kinase BrK/Sik in prostate

tumor cells. Oncogene 22, 4212–4220.

[56] Edwards J, Krishna NS, Witton CJ, and Bartlett JM (2003). Gene

amplifications associated with the development of hormone-resistant

prostate cancer. Clin Cancer Res 9, 5271–5281.

[57] Van Coppenolle F, Skryma R, Ouadid-Ahidouch H, Slomianny C,

Roudbaraki M, Delcourt P, Dewailly E, Humez S, Crepin A, Gourdou I,

et al. (2004). Prolactin stimulates cell proliferation through a long form of

prolactin receptor and K+ channel activation. Biochem J 377, 569–578.

[58] Goldenberg-Furmanov M, Stein I, Pikarsky E, Rubin H, Kasem S,

Wygoda M, Weinstein I, Reuveni H, and Ben-Sasson SA (2004).

Lyn is a target gene for prostate cancer: sequence-based inhibition

induces regression of human tumor xenografts. Cancer Res 64,

1058–1066.

[59] Sumitomo M, Shen R, Walburg M, Dai J, Geng Y, Navarro D, Boileau

G, Papandreou CN, Giancotti FG, Knudsen B, et al. (2000). Neutral

endopeptidase inhibits prostate cancer cell migration by blocking focal

adhesion kinase signaling. J Clin Invest 106, 1399–1407.

[60] Zhang XA, He B, Zhou B, and Liu L (2003). Requirement of the

p130CAS–Crk coupling for metastasis suppressor KAI1/CD82 –

mediated inhibition of cell migration. J Biol Chem 278, 27319–27328.

[61] Wozniak MA, Modzelewska K, Kwong L, and Keely PJ (2004). Focal

adhesion regulation of cell behavior. Biochim Biophys Acta 1692,

103–119.

[62] Cohen LA and Guan JL (2005). Mechanisms of focal adhesion kinase

regulation. Curr Cancer Drug Targets 5, 629–643.

[63] McLean GW, Carragher NO, Avizienyte E, Evans J, Brunton VG, and

Frame MC (2005). The role of focal-adhesion kinase in cancer — a

new therapeutic opportunity. Nat Rev Cancer 5, 505–515.

[64] Mitra SK, Hanson DA, and Schlaepfer DD (2005). Focal adhesion

kinase: in command and control of cell motility. Nat Rev Mol Cell Biol

6, 56–68.

[65] Gabarra-Niecko V, Schaller MD, and Dunty JM (2003). FAK regulates

biological processes important for the pathogenesis of cancer. Cancer

Metastasis Rev 22, 359–374.

[66] Hanks SK, Ryzhova L, Shin NY, and Brabek J (2003). Focal adhesion

kinase signaling activities and their implications in the control of cell

survival and motility. Front Biosci 8, d982–d996.

98 Nonreceptor Tyrosine Kinases in Prostate Cancer Chang et al.

Neoplasia . Vol. 9, No. 2, 2007



[67] Hauck CR, Hsia DA, and Schlaepfer DD (2002). The focal adhesion

kinase—a regulator of cell migration and invasion. IUBMB Life 53,

115–119.

[68] Hecker TP and Gladson CL (2003). Focal adhesion kinase in cancer.

Front Biosci 8, s705–s714.

[69] McLean GW, Avizienyte E, and Frame MC (2003). Focal adhesion

kinase as a potential target in oncology. Expert Opin Pharmacother

4, 227–234.

[70] Parsons JT (2003). Focal adhesion kinase: the first ten years. J Cell

Sci 116, 1409–1416.

[71] Schaller MD (2001). Biochemical signals and biological responses

elicited by the focal adhesion kinase. Biochim Biophys Acta 1540,

1 –21.

[72] Rovin JD, Frierson HF Jr, Ledinh W, Parsons JT, and Adams RB

(2002). Expression of focal adhesion kinase in normal and pathologic

human prostate tissues. Prostate 53, 124–132.

[73] Tremblay L, Hauck W, Aprikian AG, Begin LR, Chapdelaine A, and

Chevalier S (1996). Focal adhesion kinase (pp125FAK) expression,

activation and association with paxillin and p50CSK in human meta-

static prostate carcinoma. Int J Cancer 68, 164–171.

[74] Slack JK, Adams RB, Rovin JD, Bissonette EA, Stoker CE, and

Parsons JT (2001). Alterations in the focal adhesion kinase/Src signal

transduction pathway correlate with increased migratory capacity of

prostate carcinoma cells. Oncogene 20, 1152–1163.

[75] Bergan R, Kyle E, Nguyen P, Trepel J, Ingui C, and Neckers L (1996).

Genistein-stimulated adherence of prostate cancer cells is associated

with the binding of focal adhesion kinase to beta-1-integrin. Clin Exp

Metastasis 14, 389–398.

[76] Zheng DQ, Woodard AS, Fornaro M, Tallini G, and Languino LR

(1999). Prostatic carcinoma cell migration via alpha(v)beta3 integrin

is modulated by a focal adhesion kinase pathway. Cancer Res 59,

1655–1664.

[77] Zheng DQ, Woodard AS, Tallini G, and Languino LR (2000). Substrate

specificity of alpha(v)beta(3) integrin –mediated cell migration and

phosphatidylinositol 3-kinase/AKT pathway activation. J Biol Chem

275, 24565–24574.

[78] Bello-DeOcampo D, Kleinman HK, Deocampo ND, and Webber MM

(2001). Laminin-1 and alpha6beta1 integrin regulate acinar morpho-

genesis of normal and malignant human prostate epithelial cells. Pros-

tate 46, 142–153.

[79] Lacoste J, Aprikian AG, and Chevalier S (2005). Focal adhesion

kinase is required for bombesin-induced prostate cancer cell motility.

Mol Cell Endocrinol 235, 51–61.

[80] Duncan MD, Harmon JW, and Duncan LK (1996). Actin disruption

inhibits bombesin stimulation of focal adhesion kinase (pp125FAK) in

prostate carcinoma. J Surg Res 63, 359–363.

[81] Aprikian AG, Tremblay L, Han K, and Chevalier S (1997). Bombesin

stimulates the motility of human prostate-carcinoma cells through

tyrosine phosphorylation of focal adhesion kinase and of integrin-

associated proteins. Int J Cancer 72, 498–504.

[82] Liu Y, Kyle E, Lieberman R, Crowell J, Kellof G, and Bergan RC

(2000). Focal adhesion kinase (FAK) phosphorylation is not required

for genistein-induced FAK–beta-1– integrin complex formation. Clin

Exp Metastasis 18, 203–212.

[83] Margheri F, D’Alessio S, Serrati S, Pucci M, Annunziato F, Cosmi L,

Liotta F, Angeli R, Angelucci A, Gravina GL, et al. (2005). Effects of

blocking urokinase receptor signaling by antisense oligonucleotides in

a mouse model of experimental prostate cancer bone metastases.

Gene Ther.

[84] Sabbisetti V, Chigurupati S, Thomas S, and Shah G (2006). Calcitonin

stimulates the secretion of urokinase-type plasminogen activator from

prostate cancer cells: its possible implications on tumor cell invasion.

Int J Cancer 118, 2694–2702.

[85] Papakonstanti EA, Kampa M, Castanas E, and Stournaras C (2003). A

rapid, nongenomic, signaling pathway regulates the actin reorganiza-

tion induced by activation of membrane testosterone receptors. Mol

Endocrinol 17, 870–881.

[86] Sheta EA, Harding MA, Conaway MR, and Theodorescu D (2000).

Focal adhesion kinase, Rap1, and transcriptional induction of vascular

endothelial growth factor. J Natl Cancer Inst 92, 1065–1073.

[87] Permpongkosol S, Wang JD, Takahara S, Matsumiya K, Nonomura N,

Nishimura K, Tsujimura A, Kongkanand A, and Okuyama A (2002).

Anticarcinogenic effect of FTY720 in human prostate carcinoma

DU145 cells: modulation of mitogenic signaling, FAK, cell-cycle entry

and apoptosis. Int J Cancer 98, 167–172.

[88] Walden PD, Globina Y, and Nieder A (2004). Induction of anoikis by

doxazosin in prostate cancer cells is associated with activation of

caspase-3 and a reduction of focal adhesion kinase. Urol Res 32,

261–265.

[89] Ittmann MM (1998). Chromosome 10 alterations in prostate adeno-

carcinoma (review). Oncol Rep 5, 1329–1335.

[90] Gelman IH (2003). Pyk 2 FAKs, any two FAKs. Cell Biol Int 27,

507–510.

[91] Stanzione R, Picascia A, Chieffi P, Imbimbo C, Palmieri A, Mirone V,

Staibano S, Franco R, De Rosa G, Schlessinger J, et al. (2001). Varia-

tions of proline-rich kinase Pyk2 expression correlate with prostate

cancer progression. Lab Invest 81, 51–59.

[92] Inazawa J, Sasaki H, Nagura K, Kakazu N, Abe T, and Sasaki T

(1996). Precise localization of the human gene encoding cell adhesion

kinase beta (CAK beta/PYK2) to chromosome 8 at p21.1 by fluores-

cence in situ hybridization. Hum Genet 98, 508–510.

[93] Picascia A, Stanzione R, Chieffi P, Kisslinger A, Dikic I, and

Tramontano D (2002). Proline-rich tyrosine kinase 2 regulates pro-

liferation and differentiation of prostate cells. Mol Cell Endocrinol

186, 81–87.

[94] Wang X, Yang Y, Guo X, Sampson ER, Hsu CL, Tsai MY, Yeh S, Wu G,

Guo Y, and Chang C (2002). Suppression of androgen receptor trans-

activation by Pyk2 via interaction and phosphorylation of the ARA55

coregulator. J Biol Chem 277, 15426–15431.

[95] Rijnders AW, van der Korput JA, van Steenbrugge GJ, Romijn JC,

and Trapman J (1985). Expression of cellular oncogenes in human

prostatic carcinoma cell lines. Biochem Biophys Res Commun 132,

548–554.

[96] Allard P, Zoubeidi A, Nguyen LT, Tessier S, Tanguay S, Chevrette M,

Aprikian A, and Chevalier S (2000). Links between Fer tyrosine kinase

expression levels and prostate cell proliferation. Mol Cell Endocrinol

159, 63–77.

[97] Dunn GP, Sheehan KC, Old LJ, and Schreiber RD (2005). IFN unre-

sponsiveness in LNCaP cells due to the lack of JAK1 gene expression.

Cancer Res 65, 3447–3453.

[98] Rossi MR, Hawthorn L, Platt J, Burkhardt T, Cowell JK, and Ionov Y

(2005). Identification of inactivating mutations in the JAK1, SYNJ2,

and CLPTM1 genes in prostate cancer cells using inhibition of

nonsense-mediated decay and microarray analysis. Cancer Genet

Cytogenet 161, 97–103.

[99] Gao B, Shen X, Kunos G, Meng Q, Goldberg ID, Rosen EM, and Fan

S (2001). Constitutive activation of JAK–STAT3 signaling by BRCA1

in human prostate cancer cells. FEBS Lett 488, 179–184.

[100] Barton BE, Karras JG, Murphy TF, Barton A, and Huang HF (2004).

Signal transducer and activator of transcription 3 (STAT3) activation in

prostate cancer: direct STAT3 inhibition induces apoptosis in prostate

cancer lines. Mol Cancer Ther 3, 11–20.

[101] Stearns ME, Wang M, Hu Y, and Garcia FU (2003). Interleukin-10

activation of the interleukin-10E1 pathway and tissue inhibitor of

metalloproteinase-1 expression is enhanced by proteasome inhibitors

in primary prostate tumor lines. Mol Cancer Res 1, 631–642.

[102] Wang M, Hu Y, and Stearns ME (2003). A novel IL-10 signalling

mechanism regulates TIMP-1 expression in human prostate tumour

cells. Br J Cancer 88, 1605–1614.

[103] Barton BE, Murphy TF, Adem P, Watson RA, Irwin RJ, and Huang HF

(2001). IL-6 signaling by STAT3 participates in the change from hyper-

plasia to neoplasia in NRP-152 and NRP-154 rat prostatic epithelial

cells. BMC Cancer 1, 19.

[104] Flowers LO, Subramaniam PS, and Johnson HM (2005). A SOCS-1

peptide mimetic inhibits both constitutive and IL-6 induced activation of

STAT3 in prostate cancer cells. Oncogene 24, 2114–2120.

[105] Li H, Ahonen TJ, Alanen K, Xie J, LeBaron MJ, Pretlow TG, Ealley EL,

Zhang Y, Nurmi M, Singh B, et al. (2004). Activation of signal trans-

ducer and activator of transcription 5 in human prostate cancer is

associated with high histological grade. Cancer Res 64, 4774–4782.

[106] Weiss-Messer E, Merom O, Adi A, Karry R, Bidosee M, Ber R,

Kaploun A, Stein A, and Barkey RJ (2004). Growth hormone (GH)

receptors in prostate cancer: gene expression in human tissues and

cell lines and characterization, GH signaling and androgen receptor

regulation in LNCaP cells. Mol Cell Endocrinol 220, 109–123.

[107] Bowen C, Birrer M, and Gelmann EP (2002). Retinoblastoma protein–

mediated apoptosis after gamma-irradiation. J Biol Chem 277,

44969–44979.

[108] Macoska JA, Xu J, Ziemnicka D, Schwab TS, Rubin MA, and Kotula L

(2001). Loss of expression of human spectrin src homology domain

binding protein 1 is associated with 10p loss in human prostatic

adenocarcinoma. Neoplasia 3, 99–104.

[109] Kubler HR, van Randenborgh H, Treiber U, Wutzler S, Battistel C,

Lehmer A, Wagenpfeil S, Hartung R, and Paul R (2005). In vitro

Nonreceptor Tyrosine Kinases in Prostate Cancer Chang et al. 99

Neoplasia . Vol. 9, No. 2, 2007



cytotoxic effects of imatinib in combination with anticancer drugs in

human prostate cancer cell lines. Prostate 63, 385–394.

[110] Uehara H, Kim SJ, Karashima T, Shepherd DL, Fan D, Tsan R, Killion

JJ, Logothetis C, Mathew P, and Fidler IJ (2003). Effects of blocking

platelet-derived growth factor-receptor signaling in a mouse model of

experimental prostate cancer bone metastases. J Natl Cancer Inst 95,

458–470.

[111] Kim SJ, Uehara H, Yazici S, Langley RR, He J, Tsan R, Fan D, Killion

JJ, and Fidler IJ (2004). Simultaneous blockade of platelet-derived

growth factor-receptor and epidermal growth factor-receptor sig-

naling and systemic administration of paclitaxel as therapy for human

prostate cancer metastasis in bone of nude mice. Cancer Res 64,

4201–4208.

[112] Kim SJ, Uehara H, Yazici S, He J, Langley RR, Mathew P, Fan D, and

Fidler IJ (2005). Modulation of bone microenvironment with zoledro-

nate enhances the therapeutic effects of STI571 and paclitaxel against

experimental bone metastasis of human prostate cancer. Cancer Res

65, 3707–3715.

[113] Corcoran NM and Costello AJ (2005). Combined low-dose imatinib me-

sylate and paclitaxel lack synergy in an experimental model of extra-

osseous hormone-refractory prostate cancer. BJU Int 96, 640–646.

[114] Mathew P, Thall PF, Jones D, Perez C, Bucana C, Troncoso P, Kim SJ,

Fidler IJ, and Logothetis C (2004). Platelet-derived growth factor re-

ceptor inhibitor imatinib mesylate and docetaxel: a modular phase I

trial in androgen-independent prostate cancer. J Clin Oncol 22,

3323–3329.

[115] Tiffany NM, Wersinger EM, Garzotto M, and Beer TM (2004). Imatinib

mesylate and zoledronic acid in androgen-independent prostate

cancer. Urology 63, 934–939.

[116] Rao K, Goodin S, Levitt MJ, Dave N, Shih WJ, Lin Y, Capanna T,

Doyle-Lindrud S, Juvidian P, and DiPaola RS (2005). A phase II trial

of imatinib mesylate in patients with prostate specific antigen progres-

sion after local therapy for prostate cancer. Prostate 62, 115–122.

[117] Bjorge JD, O’Connor TJ, and Fujita DJ (1996). Activation of human

pp60c-src. Biochem Cell Biol 74, 477–484.

[118] Tamagnone L, Lahtinen I, Mustonen T, Virtaneva K, Francis F, Muscatelli

F, Alitalo R, Smith CI, Larsson C, and Alitalo K (1994). BMX, a novel

nonreceptor tyrosine kinase gene of the BTK/ITK/TEC/TXK family lo-

cated in chromosome Xp22.2. Oncogene 9, 3683–3688.

[119] Qiu Y, Robinson D, Pretlow TG, and Kung HJ (1998). Etk/Bmx, a

tyrosine kinase with a pleckstrin-homology domain, is an effector of

phosphatidylinositol 3’-kinase and is involved in interleukin 6– induced

neuroendocrine differentiation of prostate cancer cells. Proc Natl Acad

Sci 95, 3644–3649.

[120] Xue LY, Qiu Y, He J, Kung HJ, and Oleinick NL (1999). Etk/Bmx, a

PH-domain containing tyrosine kinase, protects prostate cancer cells

from apoptosis induced by photodynamic therapy or thapsigargin. On-

cogene 18, 3391–3398.

[121] Jiang T, Guo Z, Dai B, Kang M, Ann DK, Kung HJ, and Qiu Y (2004).

Bi-directional regulation between tyrosine kinase Etk/BMX and tumor

suppressor p53 in response to DNA damage. J Biol Chem 279,

50181–50189.

[122] Wu YM, Huang CL, Kung HJ, and Huang CY (2001). Proteolytic acti-

vation of ETK/Bmx tyrosine kinase by caspases. J Biol Chem 276,

17672–17678.

[123] Kim O, Jiang T, Xie Y, Guo Z, Chen H, and Qiu Y (2004). Synergism of

cytoplasmic kinases in IL6-induced ligand– independent activation of

androgen receptor in prostate cancer cells. Oncogene 23, 1838–1844.

[124] Xie Y, Xu K, Dai B, Guo Z, Jiang T, Chen H, and Qiu Y (2006). The

44 kDa Pim-1 kinase directly interacts with tyrosine kinase Etk/BMX

and protects human prostate cancer cells from apoptosis induced by

chemotherapeutic drugs. Oncogene 25, 70–78.

[125] Wang Y, Yu Q, Cho AH, Rondeau G, Welsh J, Adamson E, Mercola D,

and McClelland M (2005). Survey of differentially methylated pro-

moters in prostate cancer cell lines. Neoplasia 7, 748–760.

[126] Hoehn GT, Stokland T, Amin S, Ramirez M, Hawkins AL, Griffin CA,

Small D, and Civin CI (1996). TnK1: a novel intracellular tyrosine

kinase gene isolated from human umbilical cord blood CD34+/Lin�/

CD38� stem/progenitor cells. Oncogene 12, 903–913.

[127] Saitou N and Nei M (1987). The neighbor-joining method: a new

method for reconstructing phylogenetic trees. Mol Biol Evol 4,

406–425.

100 Nonreceptor Tyrosine Kinases in Prostate Cancer Chang et al.

Neoplasia . Vol. 9, No. 2, 2007





























REVIEW

Inhibition of Akt pathways in the treatment of prostate cancer

EC Nelson1, CP Evans1,2, PC Mack2, RW Devere-White1,2 and PN Lara Jr2
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Akt is a serine/threonine kinase mediating multiple intracellular pathways involved in prostate
cancer (CaP) biology. Increased understanding of the molecular mechanisms of Akt activation and
signaling have led to the development of an increasing number of Akt inhibitors. These biologic
agents demonstrate activity against a wide range of cancers in preclinical studies. Clinical studies of
Akt inhibition in CaP are in progress, including agents such as celecoxib, perifosine and genistein.
How best to integrate Akt inhibitors with standard CaP therapy or select patients most likely to
benefit is the subject of ongoing research.
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Introduction

Akt, or protein kinase B, is a serine/threonine kinase that
plays an important role in intracellular signaling
cascades. A variety of neoplasms show perturbations in
the biochemical pathways affected by Akt. Prostate
cancer (CaP) specifically shows biochemical abnormal-
ities related to Akt that may be of importance in
sustaining tumor growth by preventing apoptosis and
promoting proliferation and angiogenesis.

CaP is the most common noncutaneous malignancy in
American males and is predicted to be the third leading
cause of cancer deaths for 2006.1 While local therapy for
CaP is relatively effective, androgen deprivation therapy
remains the mainstay of treatment for disseminated
disease and is principally palliative in nature. Introduced
in the 1940s,2 androgen deprivation removes androgen
stimulation, initially inducing apoptosis in CaP. How-
ever, the disease eventually progresses to an androgen
independent (AI) state with an associated life expectancy
of only 15–20 months. Androgen deprivation, while
extending length and quality of life for many patients,
also induces tumor-specific biochemical changes of
many intracellular factors including Akt. These changes
may promote progression to an AI state.3

Novel treatments for AI CaP are needed. Increasing
understanding of the many biochemical changes asso-
ciated with neoplastic progression and androgen inde-
pendence has led to the identification of novel targets for
therapeutic intervention. In this review, we discuss

pathways relating directly to Akt, focusing on those
showing the greatest relevance to current and possible
future therapeutic strategies.

Pathways affected by Akt

Akt form and function
Akt was originally identified as an oncogene within the
AKT8 retrovirus. This retrovirus was isolated from the
AKR strain of mice that have a high incidence of
leukemia and lymphoma.4 Subsequent genetic analysis
demonstrated that Akt is an important intracellular
signaling moiety highly conserved across species. A
member of the AGC kinase family, it is very similar to
protein kinase A and protein kinase C. When first
discovered, it was therefore named ‘protein kinase B’
and is sometimes called RAC (related to A and C).

In humans, Akt is a family of three homologous
members out of which Akt1 and Akt2 are more widely
distributed than Akt3.5 Akt has three domains with
specific functions. The N-terminal domain is a pleckstrin
homology (PH) domain, which can bind phosphoino-
sitides (PI) in the cellular membrane. The C-terminal
domain is a regulatory domain and the central portion of
the protein is the catalytic domain.6 Complete activation
of the catalytic activity of Akt requires phosphorylation
of a threonine residue at 308 and a serine residue at 473.
It is possible that Akt shows partial activation with
phosphorylation at the threonine 308 position.7

Akt activation
Akt activation occurs in response to multiple extracel-
lular signals acting through tyrosine kinase and G-
protein coupled receptors (see Figure 1). These receptor
types activate phosphoinositol-3-kinase (PI3K) class IA
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and IB, respectively. In turn, PI3K phosphorylates the
membrane phospholipid, phosphatidylinositol-4,5-bispho-
sphonate (PI(4,5)P2), which then acts as the second-
messenger phosphatidylinositol-3,4,5-trisphosphonate
(PI(3,4,5)P3) for a variety of pathways. This event
promotes recruitment of Akt from the cytoplasm to the
cellular membrane where phosphoinositide-dependent
kinase-1 (PDK1) phosphorylates the threonine 308 posi-
tion of Akt. Phosphorylation of the serine 473 position
also occurs, although the kinase responsible has not been
definitively identified. This step appears to be tightly
regulated and may require multiple intracellular mes-
sengers including integrin-linked kinase, PDK2 and
others.7

Upstream inhibitors
An intricate web of inhibitory factors opposing the
actions of PI3K and subsequent second messengers
control regulation of Akt activation. Most notably,
‘phosphatase and tensin homolog deleted on chromo-
some 10’ (PTEN) directly opposes PI3K by removing the
30-phosphate from PI(3,4,5)P3. A recently discovered
class of phosphatases called SHIP phosphatases also
may play a role in controlling levels of PI(3,4,5)P3, and
thus subsequent Akt activation. However it appears that
as SHIP removes the 5-phosphate from PI(3,4,5)P3, the
resultant PI(3,4)P2 may still recruit Akt to the plasma
membrane. Therefore, PTEN is probably the more
important inhibitor.5 Other recently discovered phos-
phatases include C-terminal modulator protein and PH
domain leucine-rich repeat protein phosphatase, both of
which may be significant in Akt regulation.8

Direct deactivation of Akt is also possible. Protein
phophatases (PP1 and PP2a) both govern the regulatory
activity of many intracellular messengers including Akt
through dephosphophorylation. The complex activity of
these regulatory proteins is controlled through cell wall
constituents including palmitate, integrin and caveolin.5

Heat shock protein 90 may oppose the actions of these
phosphatases, thereby promoting Akt activity.9

Akt downstream effects
Following activation, Akt moves from the cellular
membrane to the cytoplasm where it exercises broad
control over a variety of intracellular pathways generally
supporting survival, proliferation, and other activities
necessary for neoplastic disease progression.

Apoptosis and the cell cycle. Cancer cells escape normal
biochemical systems regulating the balance between
apoptosis and survival. Akt generally acts to promote
survival through inhibition of proapoptotic factors and
activation of anti-apoptotic factors. For example, the Bcl-
2 family of proteins consists of both proapoptotic and
anti-apoptotic factors, the balance of which is critical for
maintaining cellular homeostasis. Through phosphoryla-
tion, Akt inhibits the activity of proapoptotic members
such as BAD, BAX and BID while activating anti-
apoptotic members such as Bcl-xL.10–12

Another family of apoptotic regulators is the forkhead
family. In general, Akt phosphorylates various members
of this family causing translocation from the nucleus to

Figure 1 Simplified diagram of Akt activation and selected downstream effector pathways. Multiple extracellular signaling factors activate
intracellular receptor domains. Activated PI3K promotes the 30 phosphorylation of PI(4,5)P2. The resulting PI(3,4,5)P3 recruits Akt and PDK1 to
the cell membrane through interactions with their PH domains. Akt is activated by phosphorylation resulting in multiple downstream effects.
Abbreviations: GFR, growth factor receptor; GPCR, G-protein coupled receptor; NFkB, nuclear factor kappa B; PDK, phosphoinositide-
dependent kinase-1; PI3K, phosphoinositide-3-kinase; PI(3,4,5)P3, phosphatidylinositol-3,4,5-trisphosphate; PI(4,5)P2, phosphatidylinositol-
4,5-bisphosphate; PTEN, phosphatase and tensin homolog deleted on chromosome 10.

Inhibition of Akt pathways
EC Nelson et al

2

Prostate Cancer and Prostatic Diseases



the cytoplasm, thus inhibiting the transcription of
proapoptotic genes.7

Other biochemical pathways affected include apopto-
sis-signal-regulating kinase cyclic AMP response ele-
ment binding protein, and the oncoprotein MDM2.
Effects through these include inhibition of jun N-
terminal kinase and p53. In addition, Akt may block
apoptosis after it has been initiated. For example, Akt can
prevent the activation of caspase-9 despite mitochondrial
cytochrome c release.5

Cancer cells also escape normal cellular controls over
the cell cycle, generally resulting in increased, deregu-
lated proliferation. Akt activation may promote this
process through multiple pathways. Three central
regulators of the cell cycle affected by Akt are cyclin D,
p21 and p27. Cyclin D is necessary for cyclin-dependent
kinase (CDK) activity regulating entry into the cell cycle.
p21 and p27 are CDK inhibitors, which oppose cell-cycle
progression. Akt phosphorylates and inactivates p21 and
p27 thereby eliminating a critical negative regulator of
CDK activity and promoting progression through the
cell cycle.5

Other/multiple pathways

Other necessary cellular characteristics for neoplastic
growth include angiogenesis, invasion and metastasis.
Biochemical pathways affected by Akt may accomplish
these effects with significant changes noted when Akt
signaling intensity changes. In addition, three pathways
discussed here have multiple or complex effects.

Akt activation may lead to increased angiogenesis
through phosphorylation of endothelial nitric oxide
synthase and subsequent production of nitric oxide.13,14

In addition, Akt is a key activator of the mammalian
target of rapamycin (mTOR) which, through stabilization
of the hypoxia inducible factor, induces expression of
pro-angiogenic genes such as vascular endothelial
growth factor. mTOR also promotes cell survival and
proliferation through other pathways. Examples of these
include activation of p70 ribosomal S6 kinase and
inhibition of 4E-BP1, thus promoting ribosomal transla-
tion in general, and increased expression of cyclin D,
which promotes cellular cycling and proliferation.5

One cellular pathway affected by Akt with multiple
effects is the nuclear factor kappa-B (NFkB) pathway. Akt
causes the NFkB binding protein, IkB, to release NFkB,
which then translocates to the nucleus where it tran-
scribes multiple genes involved with proliferation,
inflammation, cell adhesion, stress response and anti-
apoptosis.15 NFkB also increases expression of matrix
metalloproteinases, which are frequently elevated in CaP
specimens and may play a role in promoting invasion
and metastasis.

p53 is a tumor suppressor showing aberrant regulation
or mutation in many neoplasms. Akt may play a role in
regulating its activity through activation of its binding
protein, MDM2. Phosphorylation of MDM2 causes
translocation to the nucleus where it inactivates p53
resulting in cell-cycle progression and inhibition of
apoptosis.16

Of special interest in CaP is the observation that Akt
can directly phosphorylate the androgen receptor on

serine residues at positions 210 and 790. The results of
this are controversial with some authors reporting
activation while others report suppression of androgen
receptor signaling.17,18 The reason for this may relate to
different cell passage numbers, which is an interesting

concept in the context of a rapidly dividing neoplasm.19

Alterations of Akt activity in CaP
Increased Akt activity in CaP may be caused by genetic
overexpression of Akt or altered expression of its
upstream-positive and upstream-negative regulators. In
CaP, several such mechanisms are probably active.

Akt overexpression has been demonstrated in CaP.20

However, the most consistent finding in this disease is
the silencing of PTEN and subsequent increase in Akt
signaling.8 PTEN may be lost by deletion, mutation or
epigenetic mechanisms.5 Up to half of the patients CaP
tissue specimens show inactivation of PTEN with
increasing incidence of this finding in metastatic deposits
and AI disease, emphasizing its possible importance in

tumor progression.21–23 Other genetic overexpression or
underexpression of factors upstream of Akt have also
been demonstrated in CaP. Various growth factor
receptors including the fibroblast growth factor, epider-
mal growth factor, and insulin-like growth factor are
overexpressed in some CaP leading to increased Akt
signaling.5 In addition, PI3K may be overexpressed in
CaP,5 and may be important in the progression to AI
disease.24

Regardless of the molecular mechanisms responsible,
the excessive activation of Akt is a poor prognostic factor
in CaP. In one report, phosphorylation of Akt was
superior to measurements of cellular proliferation and
even Gleason grade for predicting biochemical recur-
rence following radical prostatectomy.25

Treatments for CaP may also upregulate Akt pathways
through activation of cellular stress responses. In CaP
specifically, androgen withdrawal may lead to biochem-
ical changes ultimately supporting the emergence of AI
disease. Although Akt itself may not be directly involved
in causing this transition, some of these pathways signal
through Akt.3,26 For example, emergence of a neuroen-
docrine phenotype in CaP may be important in disease
progression. Such neuroendocrine cells may convert CaP
cells to a dependence on survival signals through G-
protein coupled receptors and growth factor receptors
upstream of Akt, bypassing the usual androgen receptor
signaling.26

These data cumulatively provide a rationale for Akt
inhibition as a therapeutic paradigm in CaP.

Feedback mechanisms
In light of the pathways and effects of Akt activation
discussed above, it seems that Akt inhibition would
naturally lead to positive therapeutic benefits in CaP and
other neoplasms. Unfortunately, feedback mechanisms
inherent in this complex biologic system may cause
paradoxical responses to inhibition at various levels of
Akt pathways. Two recently discovered feedback me-
chanisms demonstrate that inhibition of mTOR may, in
fact, increase signaling through the Akt pathway.27

Although not yet demonstrated in vivo, the existence of
such complexity demonstrates a clear need for future
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clinical trials to carefully measure the biologic effects of
new therapies at the molecular level. Another factor
complicating treatment using Akt inhibitors is one of the
most important pathway for normal cellular physiology.
It is not yet clear that developing treatment will demon-
strate significant efficacy with acceptable levels of
toxicity. These facts may lead to the use of Akt inhibition
as adjunctive treatment rather than monotherapy.

Akt inhibition as a therapeutic strategy

Data demonstrating the importance of increased Akt
signaling pathways in supporting prostatic growth and
the neoplastic progression of CaP have stimulated efforts
to modulate these pathways through direct and indirect
Akt inhibition. In view of the increased activation of Akt
during some treatments for CaP, inhibition of Akt may be
an important strategy for adjunctive therapy. Multiple
inhibitors have been developed using a variety of
mechanisms. Inhibition of PDK1 prevents activation of
Akt and several effective agents are available (see
Table 1). Direct inhibition of Akt may target any of the
three domains discussed above using competitive,
allosteric, pseudosubstrate or other mechanisms (see
Table 2). Preclinical data on many Akt inhibitors are
available and are reviewed in detail elsewhere.28–31

Additional data regarding the Akt inhibitory properties
of several nutriceuticals is emerging and may prove
important in the future. Examples include quercetin,32

diallyl trisulfide,33 curcumin34 and silymarin.35 This
review will be limited to agents for which clinical data
are now available.

Selective inhibitors of Akt

Celecoxib
Celecoxib is a potent inhibitor of the inducible enzyme
cyclooxygenase-2 (COX-2). By selective inhibition of
COX-2 and avoidance of interference with the constitu-
tively active COX-1, it was thought that celecoxib and
other selective COX-2 inhibitors might be an effective
treatment for inflammatory conditions while avoiding
the gastric complications of long-term COX-1 inhibition.
Although subsequent testing revealed an association
with adverse cardiac outcomes leading to cessation of
some ongoing trials, the drug remains on the market.

Celecoxib is currently of interest as preclinical experi-
ments demonstrate significant proapoptotic effects in
CaP cell lines. The biochemical activity of the drug is due
to prevention of Akt phosphorylation by inhibiting the

action of PDK127,36 and this activity is independent of the
COX-2 inhibitory effects.37 In addition, COX-2 inhibitors
may have other cellular functions potentiating the
apoptotic response.38 A therapeutic window for celecox-
ib might exist as the COX-2 enzyme is preferentially
expressed in cancer tissue in response to tumor
promoters, cytokines and growth factors.36 However,
some experiments show expression of induced COX-2
in CaP to be low if present, especially compared to
other epithelial malignancies.39 Although controversy
exists on this point, COX-1 and -2 expression might be
higher in the prostate in general regardless of disease
processes.40

Outcomes data up to 20 years ago indicated a cancer
chemopreventive effect for anti-inflammatory medica-
tions.41 Large epidemiologic studies have examined this
effect in celecoxib in a variety of cancers.42 Specifically,
the rationale for CaP chemoprevention using COX-2
inhibition was reviewed by Basler and Piazza.43

Although no current clinical chemoprevention data are
available, the use of celecoxib as adjunctive therapy
merits attention.

A phase II study by Pruthi et al.44 of celecoxib
monotherapy to modify prostate-specific antigen (PSA)
doubling time (PSADT) in patients with biochemical
relapse following definitive therapy has been reported.
Forty patients were enrolled, ninteen of whom had a
PSADT of less than 6 months. Following treatment, 36 of
40 patients showed a declining PSADT, and 11 of 40 had
their PSA decline with an additional 8 of 40 showing
stable PSA values. A following randomized, placebo-
controlled trial of this effect was terminated early based
on the question of celecoxib safety. An ad hoc analysis of
existing data on 78 randomized patients revealed a
greater than 200% increase in PSADT in 40% of patients
receiving celecoxib compared to 20% receiving placebo
(P¼ 0.08).45

Recent phase II studies demonstrate the use of
celecoxib in combination with docetaxel and zolendro-
nate.46,47 Both the studies demonstrated biochemical and
objective tumor responses. Another randomized, blinded
trial of celecoxib as neoadjuvant therapy before prosta-
tectomy showed activity in the disease. Significant effects
on cellular signaling, oxidative stress and cell-cycle
regulation were apparent upon blinded in comparison
of the pathology specimens.48

In summary, preclinical data suggest a role for
celecoxib in the treatment of CaP. Its apoptotic effects
are mediated through inhibition of Akt phosphorylation
by antagonism of PDK1. A therapeutic window may
allow efficacy and development of derivatives will
further refine the specificity of this medication.27

Table 1 Select PDK-1 inhibitors

Name IC50/L Comment Selected citations

Celecoxib 3.5–48mM COX-2 inhibitor 36,37,72,73

DMC 38mM Celecoxib analog w/o COX-2 activity 73

OSU-03012/3 3mM Celecoxib derivatives 37

UCN-01 33 nM 7-hydroxy staurosporine analog, Phase I/II studies available 55,74

BX�795, �912, �320 11–30 nM Aminopyridines 75

Abbreviations: COX-2, cyclooxygenase-2; PDK, phosphoinositide-dependent kinase.
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Perifosine
Phospholipid analogues have been in use as medications
for some time. Miltefosine demonstrated activity against
many cancers and is still approved in Europe for use in
cutaneous lymphoma and cutaneous breast cancer
metastases. High rates of gastrointestinal toxicity and
low bioavailability led to efforts to discover further
modifications of phospholipid analogues with enhanced
pharmaceutical potential.

Perifosine is a substituted alkylphosphocholine with
oral bioavailability. In preclinical experiments, it causes
cell-cycle arrest in G1/S or G2/M, probably through
effects mediated by p21 upregulation.49 These effects
appear to occur through inhibition of Akt activation,
although the mechanism is incompletely understood. As
a phospholipid analogue, perifosine incorporates into the
cell wall where it prevents Akt phosphorylation in a
PDK1-independent manner.50 This apparently involves
interference with the normal association of PH domains
with 3-PI moieties.

Phase I trials established the tolerability of perifosine
with most frequent side effects being nausea, vomiting
and diarrhea.51,52 Two recent phase II trials of perifosine
in CaP have been reported. A California Cancer

Consortium trial in 25 patients with biochemical recur-
rence following definitive therapy demonstrated bio-
logical and chemical activity, with 23% of patients having
a decrease in PSA, although none were 450%.53 A
National Cancer Institute study of 19 men with meta-
static AI CaP and average PSA of 180 ng/ml showed no
objective or PSA responses, and four patients with PSA
stabilization for 12 weeks.54

Although perifosine is apparently relatively ineffective
as monotherapy, the strong preclinical rationale com-
bined with preclinical results showing synergism with
other Akt inhibitory drugs suggest the need for more
trials examining its role in an adjunctive setting.55 Phase I
trials are already underway for perifosine combined with
docetaxel, paclitaxel, gemcitabine and radiation therapy.
Future phase II trials at our institution will examine the
combination of perifosine with other inhibitors of the Akt
pathway in CaP.

Genistein
Genistein is a naturally occurring isoflavone found in
soy-based products. Gastric and intestinal hydrolytic
reactions convert it to a well-absorbed aglyconic form. In

Table 2 Select Akt inhibitors by class

Name IC50 Comments Selected
citations

ATP competitive inhibitors
Balanol analogs 4–5 nM Rationally designed 76

H-89 2.5mM Protein kinase A inhibitor 77

NL-71-101 3.7 mM Developed from H-89 78

Lipid-based/phosphatidylinositol analog inhibitors
PIA 5/6/23/24/25 o5 mM Ether lipid analogs, prevent translocation of Akt 79–81

Perifosine 5 mM Prevents Akt translocation, phase II data available 50

PX-316 1.7 mM Binds to PH domain of Akt 82

PX-866 16.8 nM Inhibits PI signaling

Pseudosubstrate Inhibitors
AKTide-2T 12 mM

83,84

FOXO3 hybrid 1.1 mM Hybrid with AKTide-2T 30

FOXO3 hybrid modification 0.11 mM Replaced Ser w Ala 30

Allosteric inhibitors of AKT kinase domain
Compound 12 AKT1¼ 4.6mM

AKT2¼4250mM

First isozyme specific AKT inhibitor 85,86

Compound 13 AKT1¼ 2.1 mM

AKT2¼ 21 mM

Dual activity 85,86

Compounds 14-29 Iterative improvements with greater specificity 85,86

Akt antibodies
GST-anti-Akt1-MTS Cell-permeable antibody, blocks catalytic site 87

Interaction with PH domain of AKT
Triciribine/API-2 May interact with PH domain (?) Prior phase II trials at

high doses showed high toxicity

88,89

TCN-P Triciribine monophosphate 90

Akt-in Synthesized peptide 84

Unknown/multiple mechanism(s)
KP372-1 91

N10-substituted
phenoxazines

1–2mM May bind ATP-binding site or act as allosteric inhibitors 92

Genistein Inhibits multiple intracellular kinases 56,59,63

Abbreviation: PH, pleckstrin homology.
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addition, some Asian forms of fermented soy, such as
miso, nattou and tempeh, are rich in isoflavone agly-
cones. Speculation regarding the CaP-inhibitory effects
of soy isoflavones exists because of significant epide-
miologic differences in CaP incidence mirroring the
consumption of, among other things, soy products.56

Preclinical data demonstrate truly remarkable biochem-
ical characteristics of genistein. In many different cell
lines and xenografts, the tyrosine kinase inhibitory
characteristics of genistein induce apoptosis, cell-cycle
arrest, hinders proliferation, prevents angiogenesis, and
blocks androgen and estrogen-stimulated transcrip-
tion.56–60 In addition, studies demonstrate genistein
may oppose many cellular survival mechanisms induced
by radiation, chemotherapy or androgen deprivation,
suggesting the usefulness of this agent as adjunctive
therapy.61,62

Subsequent analysis of these favorable biochemical
changes reveal that many of them are mediated through
Akt pathways (see Figure 1). For example, NFkB, an
upstream regulator of the apoptotic Bcl-2 family and the
inhibitors of cyclin dependent kinases, p21 and p27, is
activated by many cellular stimuli. Li and Sarkar63

demonstrated that NFkB activation in PC3 cells is
mediated by Akt. In prostate cell lines, experiments at
our institution confirm that genistein inhibits activation
of Akt, thereby inducing apoptosis similar to other
inhibitors of Akt (see Figure 2).64 Inhibitors such as
LY294002, although completely blocking Akt phosphor-
ylation through PI3K inhibition, are too toxic for human
use. Genistein may provide a non-toxic alternative while
maintaining sufficient activity to effect a clinical re-
sponse.

Some of the cellular effects of genistein seen in vitro
cannot be initiated at attainable concentrations in hu-
mans, even when consuming large amounts of soy.
Concentrated aglycone-rich food supplements, such as
genistein combined polysaccharide (GCP), may allow
higher plasma levels of isoflavones.58 Recently, a
prospective randomized study by Rannikko et al.65 found
that prostate tissue concentrates phytoestrogens includ-

ing genistein, thus suggesting that plasma concentrations
underestimate tissue concentrations by over 50%.

Given the promising preclinical data, studies are
ongoing examining the activity of genistein in vivo
against CaP. Phase I studies demonstrate general toler-
ability.66 A phase II pilot study at our institution
examined the ability of GCP to decrease PSA in men
with histologically proven CaP. Sixty-two patients with
elevated PSA were enrolled. Patients were categorized by
prior treatment. Nine, seventeen and six had received
prior prostatectomy, radiation therapy, or both, respec-
tively. Fourteen were receiving intermittent hormone
ablation and were currently off-cycle. Finally, 16 patients
were on an active surveillance protocol. All patients
received GCP supplements to be taken orally three times
daily for 6 months. Three patients discontinued because
of grade 2 diarrhea and seven patients discontinued for
personal reasons. Of the 52 remaining patients, 8 had
PSA reductions and 1 of them greater than 50%.
Interestingly, all of these patients were in the watchful
waiting subgroup. In analysis of the responding patients
vs others, there did not appear to be any correlation with
Gleason score. In addition, estrogenic effects of genistein
were probably not the causative factor as testosterone
was increased in five responders, decreased in one, and
unchanged in two.67

On the basis of these results, further randomized
studies are currently ongoing at our institution. In
addition to examination of GCP as monotherapy in
patients on watchful waiting protocols, we plan to study
GCP in conjunction with androgen deprivation therapy
in patients with biochemical relapse following definitive
therapy.

Patient selection

Biologic therapies modifying cellular signaling pathways
generally show modest responses in most cases. This
suggests the need to test such therapies in the adjunctive
setting, possibly increasing the response to radiation,
chemotherapy or androgen deprivation.3 For ethical
reasons, many existing studies will use Akt inhibitors
in conjunction with docetaxel-based chemotherapy. This
is a rational strategy as chemotherapy upregulates

survival pathways that involve Akt activity.68,69

Further efforts to predict patient response to biologic
agents by pretreatment measurements of activated path-
ways through direct tissue or serum analysis may allow
individualized treatment. One method involves profiling
the entire proteome in patients’ serum using matrix
assisted laser desorption ionization-time-of-flight mass
spectrometry. Multiple bioinformatics analyses of CaP
patient serum and normal controls allows for proteomic
‘fingerprints’ with high discriminatory power. Once such
profiles are produced, patients on clinical studies may be
compared, allowing characterization of treatment effects
on proteome profiles. Examination of the entire pro-
teome may allow more efficient sorting of possible tumor
markers. Eventually, exact identification of identified
tumor markers is carried out by 2-D electrophoresis or
liquid chromatography.70,71 In the future, biopsy samples
analyzed for expression of such markers may allow ex
vivo modeling of diseased pathways. Subsequent study

Figure 2 Western blot demonstrating the inhibition of Akt
phosphorylation in the presence of GCP compared to LY294002
(Courtesy of Dr Clifford Tepper). GCP, genistein combined
polysaccharide; DMSO, dimethylsulfoxide.
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will eventually lead to individualized and targeted
biologic therapy.

Conclusions

Akt inhibition is a rational therapy in CaP treatment.
Upregulation of this pathway is involved in initial
neoplastic changes in some patients. An increasing
number of patients show overexpression or overactivity
of Akt as metastatic and AI diseases develop. Preclinical
studies demonstrate the importance of this pathway in
CaP and the possibility of targeting this pathway with
any of an increasing number of inhibitors. In addition to
preventing activation by blocking upstream signaling,
strategies include allosteric inhibition, small molecule
competitive inhibitors, pseudosubstrate inhibitors and
others with multiple or unknown activity.

Clinical studies with agents known to act through Akt
inhibition show some promise. Further studies examin-
ing vertical inhibition strategies to block Akt pathways
more completely should be performed. More impor-
tantly, efforts to extend the activity of current therapeutic
options through combination with Akt inhibitors and
more accurate methods to select those patients most
likely to benefit from Akt inhibition are needed.
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Abstract Knowledge of bone metastases complicating
advanced prostate cancer (CaP) is increasingly relevant in
patient selection for novel therapies. Current nuclear bone
scintigraphy imaging has limited speciWcity for prostate
metastases. As serum bone markers do correlate with bony
lesions, they may play multiple roles in patients with
advanced CaP. Currently, these markers play a role in prog-
nostic nomograms for CaP. Recent studies suggest an
expanding role for bone markers in the diagnosis and selec-
tion of patients for novel therapies. In the future, therapeu-
tic roles for some of these marker pathways will emerge,
eventually allowing greater individualization of patient
care.

Keywords Androgen-independent prostate cancer · 
Bone markers · Bone metastases · Osteoprotegerin · 
Prostate cancer

Introduction

In advanced prostate cancer (CaP), metastatic deposits in
bone are common and are the most frequent source of pain
and morbidity [1]. “Skeletal related events” or SREs
include vertebral compression fractures, complete vertebral
collapse, spinal cord or spinal nerve entrapment, pathologic
fractures, bone pain, and signiWcant serum calcium abnor-
malities. These may be directly related to metastatic depos-
its in the bone, or be secondary to medical or surgical
castration, which forms the foundation of current treatment
strategies for metastatic CaP [2]. Osteoporosis due to cas-
tration is the more common cause, with only 7–16% of
fractures being caused directly by metastatic lesions [3]. In
addition, an association exists between the diagnosis of
CaP and baseline osteopenia and osteoporosis prior to treat-
ment or the development of metastatic disease [4]. Overall,
yearly incidence of SREs is about 12% in patients with
metastatic androgen-independent CaP [5].

Bone metabolism overview

Normal bone metabolism is distinguished by two opposing
activities, which are coupled in both space and time and
subject to tight control. The formation of new bone by
osteoblasts and the resorption of old bone by osteoclasts are
both constitutively active and the balance of these activities
ultimately determines bone mass.

Bony metastatic lesions in CaP are classically thought of
as osteoblastic or sclerotic lesions caused by a relative
increase in bone formation. Though this is true for the
majority of lesions, recent studies have indicated a therapeu-
tic role for osteoclast inhibition in the prevention of SREs.
SpeciWcally, zoledronic acid has been shown to be the only
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eVective bisphosphonate for decreasing SREs in patients
with advanced CaP [6]. This activity by an osteoclast inhibi-
tor in what are typically osteoblastic lesions emphasizes the
close coupling of the action of these two cells.

Current diagnostic strategies for metastatic CaP in bone
rely on nuclear bone scintigraphy scans. Unfortunately,
these are expensive, require special equipment, are rela-
tively cumbersome and expose the patient to radiation. As
these scans detect increased bone formation, they are highly
sensitive for detecting metastatic CaP lesions. However,
they lack speciWcity and do not accurately measure treat-
ment response as increased bone formation may correlate
with healing areas of lytic lesions [7]. The need for more
speciWcity in diagnostic algorithms for CaP bone metasta-
ses suggests the possibility of using bone markers, either
alone, or in combination with imaging studies to increase
the accuracy of diagnosis.

Bone markers are typically biologically inactive peptide
fragments or small proteins cleaved from larger proteins
and released into the blood during the formation or resorp-
tion of bone. A list of bone markers used in CaP appears in
Table 1. Only those with most clinical relevance will be
discussed here.

Formation markers

Among the markers of bone formation are alkaline phos-
phatase, procollagen peptide fragments (which are cleaved
at the time of bone collagen formation), and osteocalcin
(OC). Total alkaline phosphatase (tALP) has also tradition-
ally been used as a marker for bone formation because of its
wide availability as part of the comprehensive metabolic
panel. However, it lacks true speciWcity for bone due to its
presence in biliary, hepatic, and intestinal tissues. The bone
isoenzyme form of alkaline phosphatase (bALP), a tetra-
meric protein located in the plasma membrane of osteo-
blasts, has been used to overcome this deWciency. The
procollagen peptide fragments, on the other hand, are by-
products of the extracellular cleavage of pro-collagen dur-
ing bone formation and are speciWc for bone formation.
These fragments are released into the circulation and are
detected clinically using antibodies directed against the
amino- (PINP) and carboxy- (PICP) terminal ends of pro-
collagen I, or against the amino-terminal end of procollagen
III (PIIINP) [8]. Finally, OC is a vitamin K-dependent,
non-collagenous low molecular weight protein produced
and released by osteoblasts. OC, also known as Gla protein,
is widely deposited in the bony matrix and is the most
abundant organic component of bone after collagen. Its
presence in human sera is believed to be an index of osteo-
blastic activity and has been proposed as a useful marker
for treatment response in metastatic CaP [9].

Resorption markers

Among the markers for bone resorption are the pyridinium
compounds pyridinoline and deoxypyridinoline, both of
which are found in Type I collagen and are amino acid
derivatives. It has long been known that the tensile strength
of bone is largely due to cross-linking of these derivatives
in Type I collagen [10]. The deoxypyridinoline crosslink is
felt to be speciWc to bone since it is only found in Type I
collagen. On the other hand, pyridinoline is also present in
Type II collagen, a component of articular cartilage. During
bone resorption, these pyridinium cross-links are released
into the circulation. Once released by the resorptive pro-
cess, the pyridinium cross-links are not metabolized fur-
ther; therefore, they represent degradative end products of
mature collagen [11]. Another resorption marker is the col-
lagen degradative product telopeptide, on which pyridinium
cross-links are attached [12]. These include the amino- or
carboxy-terminal telopeptide assay called N-telopeptide
(NTx) and C-telopeptide (CTx) fragments, respectively.
The commercial assay employs an antibody against the
alpha-2 chain of Type I bone collagen Wbrils. A related
marker of a slightly larger telopeptide of the carboxy ter-
minal is abbreviated ICTP [13]. Though some of these

Table 1 Selected markers of bone metabolism relevant to CaP

bALP Bone alkaline phosphatase; BSP bone sialoprotein; CaP prostate
cancer; CTx carboxy-terminal telopeptide; ICTP pyridinoline cross-
linked carboxy-terminal telopeptide; NTx amino-terminal telopeptide;
OC osteocalcin; OPG osteoprotegerin; PICP procollagen I carboxy-
terminal propeptide; PIIINP procollagen III amino-terminal propep-
tide; PINP procollagen I amino-terminal propeptide; RANKL receptor
activator of NF�B ligand; tALP total alkaline phosphatase; TRAP tar-
trate resistant acid phosphatase

Markers Measured in

Markers of formation tALP Serum

bALP Serum

PINP/PIIINP Serum

OC Serum

PICP Serum

Markers of resorption BSP Serum

ICTP Serum

CTx Serum

NTx Serum

TRAP Serum

Deoxypyridinoline Serum/Urine

Pyridinoline Serum/Urine

Hydroxyproline Urine

N-terminal telopeptide 
of type I collagen

Serum/Urine

Calcium:Creatinine ratio Urine

Markers of 
osteoclastogenesis

OPG Serum

RANKL Serum
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markers may also be measured in urine, serum collection
allows simultaneous measurement of other markers, is con-
venient in the setting of clinical trials, and may be more
reproducible.

Osteoclastogenesis markers

A new class of bone markers may more closely reXect the
biochemistry of the metastatic site by giving insights into
cellular signaling. Osteoprotegerin (OPG), receptor activa-
tor of NF�B (RANK), and receptor activator of NF�B
ligand (RANKL) are thought to belong to an important
cytokine system controlling the process of osteoclastogene-
sis. Preclinical data conWrms the importance of the relative
concentration of these cellular signaling molecules in con-
trolling the balance of bone formation and breakdown [14].
These markers may not only serve as a surrogate for osteo-
clastic activity but may prove to be important in future ther-
apeutic interventions.

Bone markers: potential diagnostic applications

Because nearly all the bone markers discussed above show
strong correlation with bone scan results in multiple stud-
ies, the use of bone markers as diagnostic instruments has
been proposed. Various studies have shown promising
results for ICTP [15], PINP [16, 17], CTx [17] and OPG
[18]. Most studied markers demonstrate a wide range of
results, which negatively impacts sensitivity and speciWc-
ity. In addition, other conditions such as arthritis or bone
healing secondary to trauma may further decrease speciWc-
ity. Therefore, though mean bone marker concentration is
of diagnostic signiWcance for a population, individual
patient counseling is diYcult.

As mentioned previously, bone scintigraphy scans have
high sensitivity but low speciWcity. Any eVort to increase
the speciWcity of diagnostic testing requires a highly spe-
ciWc “gold standard” for comparison. In this setting, only
biopsy of each metastatic deposit would qualify as such a
gold standard and this is obviously not feasible. Increase in
lesion size on imaging of untreated patients may provide a
surrogate marker but is also rather unhelpful, as most
patients will be treated. Lesion shrinkage may not be seen
on imaging with treatment as bone scans cannot discrimi-
nate between bone formation activity of metastatic disease
and the healing process following response to treatment.

The strong rationale supporting bone markers as a diag-
nostic modality encourages eVorts to Wnd a surrogate
marker verifying adequate speciWcity. One strategy is to
acquire an ability to predict future metastatic deposits on
imaging. If bone markers are able to do this, it may provide
the needed proof of concept. At least one small study has
demonstrated that increases in bone markers precede evi-

dence of bony metastatic lesions on bone scan by about
3 months [19]. This study measured urinary pyridinolines
normalized by creatinine and should be repeated using
other markers to conWrm the concept. In the future, algo-
rithms using bone scintigraphy in combination with pros-
tate speciWc antigen (PSA) and various bone markers will
maximize sensitivity and speciWcity in the diagnosis of
CaP.

Bone markers: prognostic implications

Compared to proving diagnostic speciWcity, it is easier to
demonstrate the ability of bone markers to stratify patients
into prognostic categories. The use of bone markers in
prognostic nomograms is well known. At least since 1992,
tALP has been included in many nomograms predicting
outcomes for diVerent patient populations with CaP [20–
23]. As discussed above, other bone markers demonstrate
the ability to predict future bone metastases. This suggests
they might have a prognostic role in predicting overall sur-
vival.

Correlative studies conWrm the prognostic capabilities
of some bone metabolism markers. Brown et al. [24] retro-
spectively examined bALP and NTx in large patient
cohorts from phase III studies examining zoledronic acid
in metastatic CaP and other neoplasms [25, 26]. In patients
in the placebo arms of the trials, both NTx and bALP were
statistically signiWcant predictors of outcome, though NTx
was superior [24]. Because of the results of the prospective
phase III trial, zoledronic acid treatment is likely to be
given to many patients with metastatic hormone refractory
CaP [25]. As zoledronic acid signiWcantly aVects NTx lev-
els, a second study by Cook et al. [27] examined all CaP
patients using only baseline NTx and bALP levels. They
found both markers were signiWcantly associated with
overall survival and progression-free survival, but only
bALP was independently associated with overall survival
on multivariate analysis. Dividing patients into quartiles
based on bALP correlated strongly with overall survival
and thus may be a useful prognostic tool for clinicians and
patients.

Our group prospectively evaluated the prognostic and
predictive signiWcance of selected markers of bone metab-
olism in the context of a randomized phase II clinical trial
of a matrix metalloproteinase inhibitor in hormone refrac-
tory CaP [28]. Markers of bone formation (OC, PINP
and PIIINP) and resorption (NTx, pyridinoline and deoxy-
pyridinoline) in serum were measured using commercial
enzyme immunoassays. Marker values were dichoto-
mized at the median and correlated with overall survival
and progression-free survival by log-rank testing. Of
eighty patients enrolled, 69 had evaluable baseline serum
specimens.
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We found that lower levels of tALP, NTx, deoxypyridin-
oline, OC, PINP, and PIIINP were all signiWcant predictors
of improved median and progression-free survival. In our
study population, the signiWcant prognostic value of these
markers was not aVected by bisphosphonate treatment. On
multivariate analysis, log PINP and PIIINP remained sig-
niWcant as part of a model including hemoglobin and log
PSA [29].

These retrospective and prospective clinical results
should be prospectively validated in the phase III setting.
Toward that end, we have initiated a molecular correlative
study of the prognostic and possible predictive value of
bone markers in patients with bone-metastatic hormone
refractory CaP in conjunction with Southwest Oncology
Group trial S0421. This phase III, placebo-controlled trial
of docetaxel/prednisone with or without Atrasentan will
randomize 706 patients with hormone refractory CaP and
bone metastases, and provides an ideal setting to study
bone markers. Earlier trials indicate Atrasentan’s modest
therapeutic eVect is most signiWcant in patients with bone
metastases [30]. Serial measurements of bone markers will
hopefully allow creation of validated prognostic nomo-
grams. In addition, discovery of bone marker parameters
predicting a beneWcial response to Atrasentan will in the
future allow appropriate patient selection for therapy.

In addition to predicting survival, bone markers may be
able to predict response to treatment with androgen abla-
tion. As discussed below, studies show a clear correlation
of bone markers with treatment response on imaging and
clinical improvement. With further reWnement, new mark-
ers more closely reXecting actual bone biochemistry may
predict not only overall survival for patient populations, but
may allow for individualized treatment.

Bone markers: disease activity monitoring

As early as 1992, studies have examined the ability of bone
markers to monitor the metastatic CaP response to andro-
gen deprivation [9]. Clear correlation of bone marker
changes on serial measurements with clinical response,
whether based on imaging or PSA, has been conclusively
demonstrated. Urinary pyridinolines [19], PICP [31], ICTP
[15] and PINP [32] have all shown signiWcant correlations.
In addition, Koizumi et al suggest that the ratios of markers
of bone formation may be helpful in following response to
treatment [32].

In the future, bone markers may play a role in monitor-
ing disease in patients with or without clear metastatic dis-
ease on bone scan. Though further studies are needed
before this occurs, a strong rationale exists for using bone
markers in this setting. As mentioned above, elevations in
bone markers may precede evidence of bony metastatic
lesions by up to three months. Thus, the useful of these

markers for monitoring disease is suggested, even in
patients with no corroborating imaging.

Bone markers: therapeutic

The novel bone marker OPG, in contrast to most other
markers, is a biologically active member of the tumor
necrosis factor (TNF) superfamily [33]. As a decoy recep-
tor for RANKL, it inhibits downstream signaling activating
osteoclasts [14]. It may prevent apoptosis by inhibiting
TNF related apoptosis inducing ligand or TRAIL [34]. Pre-
clinical studies also suggest a role for OPG in promoting
angiogenesis [35]. The variety of eVects apparently related
to this cytokine system suggest it not only provides a
marker of diagnosis and prognosis, but may suggest thera-
peutic interventions [14, 34, 35].

A fully human monoclonal antibody against RANKL
has recently entered clinical trials. Denosumab may be con-
sidered an OPG analogue in that it binds and inactivates
RANKL. A phase III randomized, double blind, multicenter
comparison of denosumab with the current reference stan-
dard, zoledronic acid, in patients with metastatic CaP began
in April 2006. Results are eagerly anticipated.

The superiority of OPG as a marker, discussed below,
may be due to the fact that it represents not only a byprod-
uct of bone metabolism, but also an active participant in the
microenvironment aVecting metastatic growth and related
bone turnover.

Bone marker comparisons

Few head to head comparisons of the various bone markers
have been performed and those studies listed in Table 2
may sometimes yield contradictory results. This may be
due to diVerent patient populations and the fact that diVer-
ent bone markers measure diVerent stages of bone metabo-
lism and are aVected diVerently by androgen deprivation
[13, 16]. Nevertheless, some conclusions can be drawn.
tALP and bALP have been the most studied and consis-
tently demonstrate equivalent, and sometimes superior
prognostic value compared to other markers [13, 27]. Of
the other markers of bone formation, PINP may be prefera-
ble to use as a marker [16, 17, 29]. OC is clearly inferior to
other markers [5, 13, 18].

Deciding which of the markers of bone resorption is most
accurate is more diYcult. One study comparing multiple
bone markers suggests that OPG is most helpful for prognos-
tic use [18]. As a marker of osteoclastogenesis, it may serve
as a marker for osteoclast action while giving additional
prognostic information based on tumor biochemistry. How-
ever, OPG is not, strictly speaking, a marker of bone resorp-
tion. Future studies should prospectively assess OPG in
comparison to CTx, NTx, ICTP, and the pyridinolines.
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Conclusions

Markers of bone metabolism play a role in current prognos-
tic nomograms for CaP. In the future, their role will
increase, especially in the areas of earlier diagnosis of bony
metastatic disease and the monitoring of therapeutic inter-
ventions. Bone markers will extend the speciWcity of cur-
rent diagnostic imaging techniques and panels of bone
markers may reach suYcient accuracy to be used alone.
Serial measurements of bone markers will allow greater
insight into the action of novel therapies currently under
development for CaP. Finally, bone markers of metabolic
activity, such as OPG, will suggest future strategies that
will allow individualization of oncologic therapy.
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